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Abstract

Direct solar water splitting is considered one of the most promising approaches for an
environmental-friendly renewable and sustainable energy resource. Significantly, the
capacity to directly split water is ideally suited for large-scale hydrogen fuel production.
While tremendous progress has been made in photoelectrochemical (PEC) water splitting
in the past decades, it is still not suitable to split pure pH neutral water efficiently without
bias or sacrificial agent. On the other hand, direct photocatalytic overall water splitting still
suffers from critical issues including low efficiency and poor long-term stability. In this
study, we demonstrate that, through controllable dopant incorporation in Ga(In)N nanowire
heterostructure, the surface charge properties can be tuned to provide the appropriate Fermi
level and/or band bending. This allows the photochemical water splitting to proceed at high
rate with an apparent quantum efficiency (AQE) ~20%. Furthermore, the AQE can be
boosted up to ~45% in a Ga(In)N photochemical diode nanostructure by creating a p-p*
lateral junction at nanoscale, to induce unidirectional flow of photogenerated charge
carriers. Consequently, a solar-to-hydrogen (STH) efficiency of ~3.3% is achieved, which
is significantly higher than many of the state-of-the-art efficiencies in direct water splitting.
We have further shown that, by combining the synergistic effect of water oxidation and
proton reduction co-catalysts (Co3O4 and Rh/Cr203, respectively) and by optimizing the
surface electronic properties, p-GaN/InGaN nanowires can exhibit substantially extended
long-term performance-stability for >580 hrs in more realistic photocatalytic conditions,
that is pure water and concentrated sunlight. Such remarkable long-term stability is the
longest ever measured for any semiconductor photocatalysts/photoelectrodes without
protection/passivation layers in unassisted solar water splitting with STH >1%. This study
further explores the effect of Sb-incorporation in Ga(In)N to selectively tune the band-
edges for enhanced absorption. The Ga(In)N nanowire photocatalytic system in this study
not only outperforms most of the typical photocatalysts reported so far, in the aspects of
both STH efficiency and stability for unassisted overall photocatalytic or photochemical
water splitting, but also provides critical insight in achieving high efficiency artificial
photosynthesis, including the efficient and selective reduction of COz to hydrocarbon fuels.

21



Abregé

L’utilisation de la lumiére solaire pour décomposer I’eau en atomes d’oxygéne et
d’hydrogene (photolyse de 1’eau) est considéré comme l'une des approches les plus
prometteuses et respectueuses de I'environnement pour produire des ressources
énergétiques renouvelables et durables. Notamment, cette approche permet la production
d'hydrogéne a grande échelle. Dans ces derni¢res décennies, d'énormes efforts ont été
effectués afin d’améliorer les cellules photoélectriques utilisées dans la photolyse de 1’eau.
Cependant, ces cellules ne permettent toujours pas de décomposer 1'eau pure au pH neutre
efficacement sans biais ou agent sacrificiel. La décomposition globale de l'eau par
photocatalytique direct est toujours aussi peu efficace et peu fiable a long terme. Dans cette
¢tude, nous démontrons que grace a l'incorporation de dopant contrélable dans les hétéro-
structures Ga(In)N de nanofils, les propriétés de charges de surface peuvent étre ajustées
pour fournir un niveau adéquat de Fermi et/ou une bande de flexion adéquate. Ceci permet
a la décomposition photochimique de I'eau a un taux élevé avec une efficacité quantique
apparente (EQA) d'environ 20%. En outre, I'EQA peut étre augmenté jusqu'a environ 45%
dans une nanostructure de diode Ga(In)N photochimique en créant une jonction latérale p-
p" a I'échelle nanométrique, afin d’induire un flux unidirectionnel de porteurs de charge
photo-générés. Par conséquent, on atteint un rendement lumiére-hydrogene (STH)
d’environ 3,3%, ce qui est nettement plus élevé que la plupart des rendements par le dernier
cri de la technologie utilisée pour la photolyse directe de I’eau. Nous avons également
montré qu'en combinant l'effet synergique des co-catalyseurs d'oxydation de I'eau et celui
de réduction des protons (Co3Os et Rh/Cr;0s, respectivement) et en optimisant les
propriétés ¢€lectroniques de surface, les nanofils p-GaN/InGaN peuvent démontrer des
performances avec une durée de plus de 580 heures dans de conditions photocatalytiques
plus réalistes, spécifiquement, dans des conditions d’eau pure et de lumiere solaire
concentrée. Cette durée remarquable est la plus longue qui n’a jamais été mesurée pour la
décomposition solaire artificielle non-assisté d’eau, dont le STH est supérieure a 1%, par
des  photoélectrodes/photocatalyseurs ~ semi-conducteurs  sans  couches  de
protection/passivation. Cette étude explore en outre I'effet de l'incorporation de Sb dans
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Ga(In)N pour ajuster les bords de bande sélectivement pour une meilleure absorption. Le
systéeme photocatalytique Ga(In)N de nanofils de cette ¢tude surpasse la majorité des
photocatalyseurs connus en fonction de D’efficacit¢ STH et de la stabilit¢ pour la
décomposition d’eau, qui est non-assisté et photocatalytique ou photochimique globale.
Egalement, il fournit des idées subtiles pour la réalisation de la photosynthése artificielle a
haute performance qui comprend la réduction efficace et sélective du CO: en

hydrocarbures.
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Chapter-1

Introduction

1.1 Overview

Exploration of alternative, renewable energy source is one of the most burning topics
in scientific researches. Fossil fuels, having the ability to satiate the global energy crisis to
some extent, lack significantly in environment-friendliness due to their emission of
greenhouse gases; expensive nuclear plant is difficult to be built fast enough to cope up
with the energy demand; wind energy, on the other hand, is limited by its low energy
density and intermittency [1-4]. Accordingly, a future energy infrastructure based on
hydrogen, having high energy-yield compared to other fuels [5], has been perceived as an
ideal long-term solution to energy and environment related problems we face today [6-9].
Critical to this development, however, is the realization of a low-cost and scalable solar
hydrogen generation process with a balance between minimized system complexity and
maximized energy conversion efficiency and device longevity. In this context,
photocatalytic and/or photoelectrochemical solar water splitting has emerged as one of the
most promising approaches of hydrogen generation using a renewable energy source [6,
10-19]. Considerable efforts have been made in quest for a stable and efficient
photocatalyst/photoelectrode since the first demonstration of photoelectrochemical water

splitting on n-TiO; electrode in 1972 [20].

For the single absorber, the two-photon approach of photocatalytic water splitting
(well known as S2 approach), is limited by an ideal (Shockley-Queisser) solar energy
conversion efficiency (~34%). In practice, it possesses the potential for maximum feasible
efficiency of ~10% considering the reasonable losses [21]. However, the realization of such
high efficiency devices has remained extremely difficult due to the lack of suitable

photocatalytic materials that possess optimum band-gap, desired conduction and valence
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band levels, and stability in harsh photocatalytic conditions. In this chapter, we discuss

some of the fundamental concepts related to the design and choice of the photocatalyst.

1.2 Fundamentals of Photocatalytic Solar Water Splitting

Photoelectrochemical (PEC) and photochemical (or photocatalytic) water splitting are
the two approaches ideally adopted in research community for utilizing photon-energy
from the solar spectrum to generate hydrogen as a clean fuel by splitting water into its
constituting components, i.e., H» and O [4, 22-26]. Therefore, both photoelectrochemical
(PEC) and photocatalytic water splitting systems have been intensively studied worldwide
[27-41]. In PEC water splitting either, one or both electrodes can be semiconductor
photocatalyst to capture solar energy, and a metallic conductor is commonly used to
channel through the photogenerated carriers between the electrodes. Effective carrier
separation and conduction in this system demands the application of external bias, highly
conductive electrolyte and substrate, and requires current matching between the electrodes,
and engineering band-edge alignment along the direction of carrier extraction in the
tandem/multilayered photocatalysts. Photochemical dissociation of water, on the contrary,
is a spontaneous and wireless approach of harnessing solar energy in which either both H»
and O; are generated on the same catalyst surface, or on the electrodes which are mounted
on the photocatalyst surface in the form of micro/nano-electrode, commonly defined as co-
catalysts. This method, as simple and potentially efficient as it can be, suffers from the
limitation of simultaneous production of H> and O> mixture that needs to be separated from

the chamber for practical usage.

1.2.1 Overall Water Splitting (OWS)

Overall water splitting, commonly referred to as the balanced and stoichiometric
dissociation of pure water into its constituents (H2:O02 = 2:1), is an uphill reaction where
the solar energy is converted into chemical energy (in the form of hydrogen), resulting in

a positive change of Gibbs free energy. As such, water splitting reaction has the capability
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to store ~237 kJ/mol of energy at 25 °C and 1 bar. However, the actual energy storage

capacity and efficiency will greatly depend on the experimental condition.
H,O0 — 1/20,+ Ha,  AG=+237.178 kJ mol’! veereneee (1)

Figure 1-1 schematically illustrates the fundamental processes associated with the
photocatalytic water splitting reaction on a photocatalyst in the simplest manner. Under the
above-bandgap excitation (hv > Ej) of the photocatalyst (M), electron—hole pairs (e/h")
can be generated within the photocatalyst (Fig. 1-1a), and the charge carriers (electrons and
holes) can be energetically separated in conduction band (CB) and valence band (VB)
respectively (Fig. 1-1b), assuming no defect level or impurity band inside the bandgap.

a) o v>Eg b) v vs NHE (pH =0)
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Figure 1-1: a) Simplified schematic illustration of the processes involved in photocatalytic water
splitting on a photocatalyst (M). With the above-bandgap excitation, electron-hole pairs will be
generated (Gen); followed by bulk recombination (Rec) the holes and electrons will diffuse (Diff)
towards surface to participate in water oxidation and proton reduction reaction, respectively. b)
Energy band representation of the water splitting process (under flat-band condition).

Photocatalytic efficiency of a catalyst is highly dependant on the efficient spatial
separation and migration of the photogenerated carriers towards the reactive sites on the
catalyst surface, where carrier transfers occur through the catalyst/electrolyte interface. In
a non-ideal condition, charge carrier extraction efficiency is limited by the enhanced
recombination probability in the bulk due to the larger size of the photocatalyst and
increased defects that act as trapping and recombination centers. Therefore, the

development of highly crystalline nanostructured photocatalyst, through precise
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engineering of the morphology and bandgap is of great interest. In a nanowire photocatalyst,
where the carrier transport is no longer diffusion limited, the photogenerated holes and
electrons can successfully migrate towards the nanowire/electrolyte interface and take part
in water splitting reactions under flat-band condition. Neutral pH overall solar water
splitting is a two-step process, where water (H2O) molecules get oxidized first by the
photogenerated holes from the valence band (oxygen evolution reaction, OER), as shown
in equation 2, followed by the proton reduction (hydrogen evolution reaction, HER) by the

photogenerated electrons from the conduction band (equation 3).

2H,0 > O +4e” +4HY;  Eanodic=1.23 V — 0.059 (pH), vs NHE e (2)
4H' +4de” o 2H); Ecatiodic =0V —0.059 (pH), vs NHE oo 3)

Assuming pH = 0, a high anodic potential of ~ 1.23 V (vs. NHE) is required ideally for
water oxidation, which suggests that the photogenerated holes in the valence band maxima
must have enough energy to drive the reaction forward. In other words, the potential
associated with valence band maxima must be more positive than the anodic potential, as
shown in Fig. 1-1b. Similarly, for the proton to be reduced on the photocatalyst surface by
the extracted electrons, the conduction band minima of the photocatalyst needs to be more
negative than the cathodic potential (0 V vs. NHE at pH = 0). The standard potentials
required for various chemical reactions to proceed forward (oxidation and reduction by
holes and electrons, respectively) are presented in Fig. 1-2 with respect to the conduction

and valence band edges of GaN.

1.2.2 Half-Reactions (Test Reactions)

Photocatalytic overall water splitting has stringent requirement on a single-bandgap
photocatalyst, as such the band-edges must straddle the water redox potentials to drive both
the water oxidation and the proton reduction reaction forward using the photogenerated
holes and electrons, respectively, for simultaneous production of O> and H>. However,
sacrificial reagents can be used in photochemical reactions to evaluate if a certain

photocatalyst satisfies the thermodynamic and kinetic potentials for standalone water
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oxidation or proton reduction. The reactions are commonly known as half-reactions of
water splitting and can be employed as test reactions for photocatalytic H> or O; evolution.
The sacrificial reagents eventually contribute to the second half of the redox reaction,
which must be more favourable compared to the second half of the overall water splitting

reaction from thermodynamics and kinetics point of view.

\V vs NHE (pH = 0)
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Figure 1-2: Band-edge positions of GaN (bandgap ~3.4 eV) are illustrated along with redox
potentials of numerous aqueous electrolyte solution (right). For example, in overall pure water
splitting, photogenerated hole (h*) in valence band (VB) possesses enough over-potential and
oxidizes water to produce O,, whereas photogenerated electron (e’) in conduction band (CB)
reduces proton to produce H». The reduction potentials of CO» into various value-added products
are also shown (left) along with proton reduction potential.

To explain further, for the photocatalytic reaction in an aqueous solution containing a
reducing reagent (electron donors or hole scavengers) such as alcohol, sulfide or sulfite ion,
the oxidation of a reducing reagent is more favorable than that of water. As shown in Fig.
1-2, the valence band of the photocatalyst needs to be more positive than +0.4 V to oxidize
OH" (a¢*) compared to +1.23 V for H>O oxidation (a). Therefore, in the presence of a
reducing reagent, e.g. CH3OH, hydrogen evolution will be accelerated in HER half-
reaction, as depicted in Fig. 1-3a, provided that the photocatalyst meets the thermodynamic

requirement for proton reduction reaction as stated above. Similarly, compared to the
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proton reduction (b) from water using the photogenerated electron, the oxygen evolution
in OER half-reaction (as shown in Fig. 1-3b) will be facilitated by reducing Ag" (b*) from
the oxidizing reagent AgNOs (electron scavenger). It is important to mention that, a
photocatalyst being active in these half reactions does not necessarily guarantee for it to be
active in overall water splitting (OWS) without any sacrificial reagents to produce H» and
O,. Therefore, the term overall water splitting or OWS will be distinguishably used
throughout the dissertation to define the dissociation of pure water into its constituent parts,

H> and O> with a stoichiometric ratio of 2:1, in the absence of sacrificial reagents.
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Figure 1-3: a) Hydrogen evolution half-reaction and b) oxygen evolution half-reaction in the
presence of sacrificial reducing reagents (RR) and oxidizing reagents (OR), respectively.

1.3 Reaction Mechanism and Kinetics for OWS

Photochemical water splitting does not involve any current conduction through
external circuitry, rather it can be considered as an integrated device at the nanoscale.
However, like any other electro-chemical system, the phenomena involved at the interface
of an electronic conductor (electrode or catalyst) and an ionic conductor (electrolyte or
aqueous solution) can be exceedingly complex. Moreover, it is conceptually difficult to
link between the mechanisms in the solid and the liquid phase to describe the interfacial
reactions. This is because, in literature, there exists very little overlapping in language and

terminology while describing the phenomena in an electrode and in an electrolyte
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(including at their interfaces) from the perspective of condensed-matter physics and
chemistry, respectively. Numerous efforts have been made to build the bridge, however,
with considerable limitations [42, 43]. This work mostly focuses on the design of nanoscale
semiconductor electrode or photocatalyst (solid-state physics) to enhance the efficiency
(and stability) in overall pure water splitting reaction (chemistry), without going into details
regarding the complex theoretical analysis/estimation for interfacial charge transfer,
thermodynamics and kinetics of chemical reactions. However, certain fundamental aspects
regarding the reaction mechanism and kinetics are necessary to gain insights for facilitating

the design-engineering of photocatalyst, and is therefore, discussed in the following section.

Water Oxidation

Acidic/Neutral Media Alkaline Media
M + H,0 —— M-H,0 M + OH ~—— M-OH'
M-H,O + h' M-OH" + H’ M-OH + h' M-OH"
M-OH" + K’ M-O + H'
M-O + H,0 + h' M-HOO +H’
M-HOO + h' M+0,+H"

Hy0 —— H' + OH’

2H,0 + 4h —— O, + 4H"

Proton Reduction

M+H M-H M-H +€ M-H  2M-H——2M+H,

Figure 1-4: Simplified mechanisms for water oxidation and proton reduction, showing the
intermediate steps for oxygen and hydrogen evolution in pure overall water splitting reaction.
Here, M denotes the active sites (either on the photocatalyst or on the co-catalyst surface).

Electrochemical reactions are classified into two types, namely the inner-sphere and
the outer-sphere reactions [44, 45]. So far, the understanding of electrochemical reactions
is limited to the simplest possible outer-sphere electron transfer reaction, where the

electron exchange takes place with the catalyst playing no role, and no specific adsorption
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of the reactant is required (rather, can be surrounded by inert-ligands), and bond-formation
or -breaking is not considered. At the semiconductor-electrolyte interface, the charge
transfer is accompanied only by a tunneling event in an outer-sphere reaction, where the
tunneling region (10 A or more) is usually composed of a few monolayers of solvent
molecules (typically H»O). While the reactants need not be in contact with the
semiconductor electrode in an outer-sphere reaction, the inner-sphere reactions are
invariably accompanied by the transfer of reactant ion from the solvent, followed by its
subsequent adsorption and discharging on the electrode surface. Overall water splitting is,
therefore, fundamentally an inner sphere reaction, where specific adsorption
(chemisorption) and ion transfer is involved in both water oxidation (OER) and proton
reduction (HER) reaction. Being an exceedingly complex inner-sphere reaction, there exist
very few or no references in the literature which addresses the theoretical aspects of the
carrier dynamics and interfacial charge transfer for photocatalytic overall water splitting
reactions. Ab-initio molecular dynamic simulations show that the photogenerated holes in
[II-nitrides (GaN) can energetically drive the water oxidation reaction on their surfaces [17,
46-48]. Similarly, water oxidation mechanism on TiO; surface has also been derived in
numerous studies for oxygen evolution via water splitting reaction [49-51]. In light of the
proposed schemes [52, 53], a simplistic view of the OER and HER reactions for overall
photocatalytic water splitting is provided in Fig. 1-4, briefly showing the intermediate steps,
while assuming that the reaction site M can energetically drive both the water oxidation

and the proton reduction reaction forward simultaneously.

1.3.1 Oxygen Evolution Reaction (OER)

Water oxidation to produce oxygen is a four-electron sluggish process (which requires
accumulation and transfer of four charge-carriers to the adsorbed species on a reaction site)
and is commonly known as the rate-limiting first-step for overall water splitting. Therefore,
it 1s necessary to understand the dynamics of water oxidation on a reaction site M, for
efficient design of overall photocatalytic water splitting device. The reaction scheme
differs in its initial step (adsorption) depending on the pH of the aqueous solution. For

example, in acidic or nearly pH neutral media, water oxidation is commenced by the
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adsorption of a H2O molecule at the cation site (e.g. Ga or Ti). Subsequently a hydroxyl
radical (adsorbed) is formed through the trapping of a photogenerated hole and a proton is
released in the solution. The radical then reacts in three irreversible steps to produce O-
while consuming a photogenerated hole and releasing a proton in each step, as shown in
Fig. 1-4. On the other hand, in an alkaline media, oxygen evolution process is initiated by
the adsorption of a hydroxide ion (OH") which is more thermodynamically favorable than
the oxidation of H>O (Fig. 1-2). However, no proton is released in the subsequent formation
of hydroxyl radical using a photogenerated hole. The irreversible steps for Oz evolution are
similar irrespective of the pH of reactant media. Despite the favorable oxidation of OH™ in
alkaline media, consumption of water occurs through an extra step — the dissociation of
H>0 into H" and OH" to maintain the equilibrium. Therefore, the net reaction remains same,

namely, the evolution of Oz through splitting of H2O, where OH™ acts as a catalyst.

1.3.2 Hydrogen Evolution Reaction (HER)

Hydrogen evolution reaction involves both proton and charge transfer, and therefore,
the steps are typically classified as the decoupled proton/electron transfer (PT/ET) reaction.
The proton released in the solution during the OER physically migrates (PT) towards the
catalytic site M, where it gets adsorbed. Subsequently, a photogenerated electron is
consumed to produce a hydrogen atom (adsorbed). Two neighboring adsorbed hydrogen
atoms can then recombine to form a H> molecule (Tafel step). Hydrogen atoms can also be
formed in a concerted pathway, namely proton-coupled electron transfer (PCET) where
both proton transfer and electron transfer can occur simultaneously [53]. And the H>
molecule can be formed by protonation of the adsorbed-H coupled to a single electron

transfer (Heyrovsky step).

1.3.3 Role of Dissolved Species: Seawater Splitting

For the efficient hydrogen evolution by splitting complex electrolyte, such as sea water,
it is very important to consider the role of the dissolved species on water splitting
mechanism. Sea water contains various ions such as Na*, K, Mg?*, Ca?", CI', Br’, SO4%,
and COs*, with NaCl being the predominant component [54]. The reduction potential of
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some common metal cations and the oxidation potential of halide ions are presented in Fig.
1-2. It is evident that, the oxidation of I and Br™ ions are thermodynamically more favorable
than that of H>O. Although the oxidation potential of C1"(1.33 V) is more positive than that
of H>O (1.23 V), the photo-oxidation of CI to Cl, (by Volmer-Tafel or Volmer-Heyrovsky
mechanism) can become more effective due to its efficient adsorption (small anion) and
relatively simple 2-electron redox process compared to a more complex 4-electron redox

process for the photo-oxidation of H>O [55].

Therefore, depending on the concentration, both Cl~ and H2O will be simultaneously
oxidized in aqueous NaCl solution to produce O.. The dissolved CI» can react with water
and produce HCIO (Cl, + H,O — H' + CI" + HCIO), which can easily be dissociated under
irradiation to produce O and release proton into the solution (2HCIO — 2H" + 2CI" + O»).
For the cathodic reaction, proton will be favorably reduced to H> compared to the metal
ions. This is because, the standard reduction potential for metal ions are substantially more

negative (e.g. -2.71 V for Na) than that for proton reduction (0.0 V) to produce hydrogen.

1.4 Contemporary Photocatalysts for OWS: Strengths and Limitations

Typically, photocatalysts are semiconductor materials in powder or colloidal forms,
made up of different elements which can integrate with dopants and/or co-catalysts to
pursue the goal for improving water splitting performance of the system. However, in some
cases, the powders, colloids, nanoparticles, nanowires or nanotubes can be integrated with
a planar substrate or photovoltaic devices, which can further serve as a light absorber to
contribute photogenerated carriers and separate them for participating in the redox reaction.
Conventionally explored photocatalysts for water splitting includes metal oxides, sulfides
and (oxy)nitrides, which contain metal cations with d° and d'° configurations in general.
To explain further, the conduction band (CB) of the transition metal oxides with d°
configuration consists of empty d orbitals of metal cations. On the other hand, the CB of
metal oxides with d'° configuration consists of hybridized orbitals of empty s and p orbitals
of metal cations. The principal contribution to the valence band of metal oxides comes

from O 2p orbital, whereas for the metal sulfides and nitrides the dominant contribution is
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from S 3p and N 2p orbitals. Many of the large-bandgap photocatalysts are frequently
doped with several transition metal cations having partially filled d orbitals such as Cr**,
Ni** and Rh*', to form some impurity levels within the bandgaps for realizing narrow-

bandgap light absorbers.
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Figure 1-5: Band-gaps (eV) and band edge positions of commonly used photocatalysts with
respect to oxidation and reduction potential of water (green dotted line). The red dotted line
represents the band edge position of InyGa«N as a function of indium incorporation (0-1 from
left to right).

Figure 1-5 shows the band alignments of some photocatalyst materials which are
commonly used for water splitting. It can be clearly seen that, the materials which qualify
and are active for overall water splitting such as ZrO,, ZnS, GaN, SrTiO3, TiO», SiC etc.
have bandgap energy that are too large to absorb visible light. WO3, BiVOs4, and Fe,Os3,
MoS; and InN etc. cannot produce hydrogen on the surface even after absorbing visible
light. On the other hand, some materials, such as BaTaO,>N, CdSe, GaP, and Si, etc. can be
employed as a hydrogen evolution photocatalyst. Although these materials are widely
explored for the realization of photoanodes or photocathodes in PEC system, to accomplish
overall photocatalytic water splitting using such photocatalysts require additional
semiconducting materials in Z-scheme photocatalysis. As such, there exists only a handful

of single-bandgap semiconductor catalysts, e.g. Ni-doped InTaO4 [41], CDots-C3N4
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composite [56], and GaN:ZnO solid solution [57] that can drive unassisted photocatalytic

overall water splitting under visible-light irradiation [56, 58-61].

1.4.1 Single-bandgap Absorbers for One-step Photocatalytic OWS

Ni-doped InTaOs, La-doped NaTaO3 and Zn-doped Ga>O3 can exhibit overall water
splitting when modified with NiO and Rh2.yCryO3 co-catalysts, respectively [41, 62]. Rh
and Sb-doped SrTiOs can split water under visible light irradiation with an apparent
quantum yield (AQY) of ~0.1% at 420 nm, when loaded with IrO». Liao ef al. have
demonstrated overall water splitting capability of CoO NPs prepared by femtosecond laser
ablation or mechanical ball milling from CoO micropowders. The system exhibits a solar
to hydrogen conversion efficiency (STH) of around ~5% for 30 mins only [61]. Domen’s
group have sequentially reported numerous examples of visible-light induced overall water
splitting on single (oxy)nitride photocatalyst systems. For example, GaN:ZnO solid
solutions [57], (Gai—xZnx)(N1—xOx) loaded with RuO, (QY ~0.23% at 410 nm, with x =
0.12), Rh203-Cr203 loaded (GaixZnx)(N1xOx) [63], Rho—yCryO3 loaded (Gai.xZnx)(N1-xOx)
[64] (AQY ~5.1% at 410 nm) and Rhy.yCryO3 loaded SrTiO3 [65] can drive the standalone
unassisted photocatalytic overall water splitting. The band-structures of ultra-violet (UV)
active TaxOs can be tuned for visible light absorption through nitridation. Consequently,
the absorption spectra of TaON and Ta3Ns can be extended up to ~500 and 600 nm,
respectively, while the band-edges straddling the redox potentials of water. ZrO»/TaON
heterostructure, when loaded with IrO> and RuOx/Cr203 co-catalysts can also perform
steady overall water splitting. However, despite their extended visible-light absorptions,

most of the photocatalysts exhibit significantly poor STH efficiency and longevity in OWS.

1.4.2 Dual-bandgap/Tandem Absorbers for Z-scheme OWS

A wider range of visible-light active semiconductor materials that qualify for either
standalone water oxidation or proton reduction had been employed in Z-scheme water
splitting, where the requirement for straddling the redox potentials (by band-edges) are
relaxed, thereby making it advantageous over one-step water splitting. In the Z-scheme of

water splitting, water oxidation and proton reduction occur on two separate materials
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(layers) by their photogenerated holes and electrons, respectively. The complementary
carriers in those layers either recombine through an ohmic contact (Fig. 5.1b) or get
recycled via a redox couple.. For example, an enhanced AQE of 6.3% at 420 nm had been
achieved with a Z-scheme system based on Pt-loaded ZrO>/TaON (hydrogen evolution
photocatalyst) and Pt-loaded WO3 (oxygen evolution photocatalyst) using 103(donor)/T
(acceptor) as a redox couple. The mixture of Ru-loaded SrTiO3:Rh and BiVOj4 can generate
hydrogen and oxygen stoichiometrically in the absence of redox mediators (at pH 2-4), and
demonstrate an AQE of ~2.1% at 420 nm when [Co(bpy);]**? is used as a redox couple. A
suspension of Ru-loaded SrTiOs;:Rh and Ir/CoOx-coloaded Ta3Ns can potentially utilize
photons up to 600 nm for oxygen evolution on TasNs in Z-scheme water splitting system.
Physical contact (direct or through metals) between the two half-redox system can enhance
the efficiency further compared to their Z-scheme configurations via mediators. For
example, the Ru-loaded SrTiO3:La,Rh and BiVO4:Mo can demonstrate an STH >1% when

3+/2+

connected via Au or C (contact) [58] compared to that of ~0.1% using with Fe redox

couples in Z-scheme [66].

Cost-effective metal-free photocatalysts, such as graphitic carbon nitride (g-C3N4) and
graphene oxide (GO) had also drawn significant attentions lately. As such, the visible-light
(>420 nm) illumination on nitrogen-doped GO (NGO-QDs) suspended in pure water can
result in stoichiometric H, and O> evolution (2:1) when configured to form p-n junction.
The water-splitting activity of the NGO-QDs is about half compared to that of the
Rh2-yCryO3 loaded GaN:ZnO (QY = 5.2% at 410 nm), with relatively high stability for 80
hours. The g-C3N4, (bandgap ~2.7 eV) can function as a visible-light-active photocatalyst
for overall water splitting; and Pt, PtOx, and CoOx loaded g-C3N4 can demonstrate long-
term stability for 510 h [67]. However, the efficiency of water splitting with C3Ny is very
low and often suffers from poisoning by the H>O» formation. Consequently, Liu et al.
demonstrated the synthesis of metal-free carbon nanodots-carbon nitride (CDots—C3Na)
nanocomposites, and by adopting a two-step approach for water splitting (two-electron
process for H2O> formation and subsequent decomposition to generate Hz), a quantum yield

of 16% for wavelength A =420 + 20 nm had been derived with an STH of ~2.0% [56].
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It is worthwhile mentioning that, despite the enhanced quantum efficiencies under
visible light excitation, the STH efficiency derived from many of these photocatalytic
systems are significantly low (<1%). On the other hand, the photocatalysts that demonstrate
reasonable STH (>1%), such as CoO nanoparticles [61] and SrTiOz:La,Rh/Au/BiVO4:Mo
Z-scheme system [58] exhibit stability of only a few hours, or less, thus keeping the floor
open for further exploration of an efficient and stable photocatalyst. A comprehensive
summary of the state-of-the-art efficiencies and stabilities is provided in Section 2.2 for
photocatalytic and photoelectrochemical water splitting using many of the contemporary

photocatalysts.

1.4.3 On the Stability: The Qualifier for an Efficient Photocatalysts

A photocatalyst must meet certain requirements from both the thermodynamic and
kinetic point of view to qualify for overall water splitting. For reasonable solar efficiencies,
the bandgap should be narrow enough (~2.2 eV) to absorb sufficient visible solar spectrum,
whereas for spontaneous overall water splitting, the potentials for oxygen and hydrogen
evolution (denoted as E(0,H,0) and E(H'H>), respectively) must lie between the valence
and conduction band edges. The stability of any such photocatalyst in overall water
splitting additionally depends on the anodic or cathodic decomposition potential
(thermodynamic self-reduction or self-oxidation potential) of the semiconductor material,
denoted as E™ or E, respectively [68]. Therefore, careful measures should be taken in
identifying the suitable photocatalyst for stable and efficient water splitting. For example,
the metal oxides typically have E°* lower than E(0,/H,0) at pH = 0, indicating the water
oxidation at the interface is more favorable than the self-oxidation of the catalyst by
photogenerated holes, thus making them most photochemically stable semiconductors in
aqueous solutions. However, in exception, Cu0, ZnO, PbO, and FeTiO3, having the lower
valences of the cations can be further oxidized to higher valences (Cu* to Cu?*, Pb*" to
Pb*, and Fe?’* to Fe*" etc.). The non-oxide semiconductors, therefore, are
thermodynamically unstable in aqueous solution which can get oxidized by the holes under
illumination. This is because the anions such as N°~, P>-, As*, S*, Se’, and Te* can

eventually get oxidized to neutral or positive valence states, e.g. N>~ to N> or NO3~ and
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S? to S or SO4> etc. However, the non-oxide semiconductors are resistant to the electron
reduction under illumination, as their £ is higher than E(H'|H,) irrespective of the pH
values. In contrast, a few metal oxides with lower £ than E(H'H,) at pH = 0, such as
Cu20, PbO, CuWOs4, BiFeOs, BiVO4, WOs3, and Co304 are prone to self-reduction by
photogenerated electrons [69].

The time-scale of the dynamic processes, schematically illustrated in Fig. 1-1, differ
significantly among the steps for overall water splitting. Kinetically, the water oxidation,
as discussed in section 1.3, is a sluggish four-electron process and is well-known as the
rate-limiting process of overall water splitting. The complex mechanism appears to be a
bottleneck which puts forth significant difficulties in the way of developing efficient and
stable catalysts for water splitting. For example, using transient absorption spectroscopy,
the dynamics of photoexcited carriers have been studied in detail for many semiconductors
[70]. Sequentially, the dynamic processes that are involved in water splitting are — the
generation of electrons and holes (within 200 fs after photoexcitation), relaxation of the
surface-trapped and bulk electrons (a few hundred picoseconds), reaction of surface-
trapped holes with methanol, ethanol, and 2-propanol (within 300, 1000, and 3000 ps,
respectively) etc. if present in the solution, reaction of the photoexcited electrons with
dissolved Oz (10-100 ps), reduction of water by photogenerated electrons (e.g. in 10—
900 ps on platinized Ti0Oy), and proton reduction to H, which occurs on the hundreds of
microseconds time scale, and most importantly, water oxidation for Oz evolution on the
timescale of microseconds to seconds [70]. Further details on the redox time-scale and the

limiting factors of overall water splitting are provided in section 2.4.

Certain approaches for tuning the kinetics, such as charge carrier separation, surface
modification and co-catalyst loading can improve both the efficiency and the stability of
the photocatalyst. It is evident from the discussion so far that the water oxidation for O»
evolution goes through many more complicated intermediate steps, compared that of
proton reduction for H> evolution. There remains an additional challenge in water oxidation
other than the longer time-scale and complex intermediate steps, and that is - the effective
accumulation of four-holes to simultaneously oxidize two water molecules. This can make
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the water oxidation more sluggish and endanger the photochemical stability of the
semiconductor material, despite meeting the thermodynamic requirements. In other words,
the inefficient accumulation of holes and the long-awaiting time for water oxidation can
accelerate the decomposition of the material (via self-oxidation by photogenerated holes),
even for the case where water oxidation is the favorable pathway, i.e. E° lower than
E(0,JH,0). Proton reduction, being a faster process can surpass the self-reduction process,

if it is the favorable process from thermodynamic point of view.

Kinetically, the carrier accumulation and the storage capacity can be engineered by
adopting numerous approaches. In natural photosynthesis, the process is ensured by the
changes of catalyst charge-state (S; to S4) with increasingly oxidizing capacities, e.g. the
charge-state of the redox-active metal Mn in the CaMny4 complex varies in each S-state. In
artificial photosynthetic devices, band-structure engineering and suitable co-catalyst
loading on the semiconductor (meeting the energetic requirements of the band-edges) are
applied to ensure charge-carrier separation and trapping in distinct redox sites. For example,
in case of failure to provide favourable reaction site for the O> formation, O2 adsorption
can surpass H> adsorption on the sites of surface oxygen vacancies, subsequently forming
O2 or other undesired species, which can further inhibit O2 evolution. To summarize,
efficient charge carrier separation in the bulk and near the surface, migration of
photogenerated active carriers towards the distinct catalytic sites (reactive surfaces), faster
carrier transport and their effective trapping into the co-catalysts can have enormous impact
on the efficiency and the stability of the photocatalysts in OWS. More details about these

factors and their impacts will be discussed in section 2.4.

1.5 III-Nitride Semiconductor Nanowires as Photocatalyst for OWS

To date, metal oxides have been widely explored as a photocatalyst for water-splitting
[27,29, 71], which, however, offer the limiting efficiency of ~2.3% due to their large band-
gaps and lack of significant activities under visible light irradiation (~ 46% of energy in
solar spectrum) [29, 72, 73]. Previously reported visible light responsive photocatalysts

often suffer from the propensity for oxidation (known as photo-corrosion) and lack in
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stability while providing with very limited efficiency in the visible spectrum [74, 75].
Moreover, the photocatalytic activity of conventionally used powder samples is low due to
their inefficient light absorption and carrier separation, low crystalline quality and small
surface-to-volume ratio [76-78]. Therefore, it is imperative to explore new, visible light
driven, stable and efficient photocatalytic system for practical usage and large-scale

hydrogen production.

Group IlI-nitride compound semiconductors exhibit direct energy bandgap
encompassing nearly the entire solar spectrum. Apart from being reasonably stable in
photocatalytic environment, InGaN possesses an additional advantage over other known
photocatalysts in that its bandgap can be tuned to straddle water redox potential over a
substantial portion of solar spectrum, namely, ultraviolet, visible and near-infrared [79-86].
Figure 1-5 shows the band alignments of InGaN alongside with other commonly used
photocatalyst materials, depicting optimum band edge potential for water splitting up to ~
50% of indium incorporation [82]. On the other hand, one dimensional nanowire structures
are expected to have significantly improved photocatalytic activity due to their high
surface-to-volume ratio to provide more catalytic sites for efficient adsorption of cations
and anions, and substantially efficient charge carrier separation, transport and reduced bulk
recombination [87-92]. Significantly, 1D nanowires can be grown/synthesized on virtually
any substrate, providing a distinct opportunity to integrate with low cost Si based solar
cells. Moreover, one dimensional nanowires allow control over the photocatalyst crystal
plane to tune it for promoting either Hz or Oz evolution. Most importantly, the non-polar
surfaces of Ill-nitride nanowire heterostructures are highly reactive for spontaneous
dissociation of water molecules while possessing low energy barrier for proton diffusion.
These attributes, therefore, make III-nitride nanowire structures a very promising, yet less

explored candidate as a photocatalyst.

1.6 Defining Efficiencies for Photocatalytic Solar Water Splitting

There exists substantial confusion in the research community about the methods to

calculate and to compare the efficiency of different devices that are used to harness solar
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energy. Efficiency is a deceptively simple concept but can be quite elusive in terms of
performance comparison because of the variations in defining the efficiency terms,
associated with the underlying assumptions and conditions. Some of the most common
efficiency terms that are thoroughly used for the evaluation of device performance in
photocatalytic water splitting are defined here. The apparent quantum efficiency (AQE) for
the photocatalytic overall water splitting is derived by calculating the number of high
energy above-bandgap photons corresponding to the incident power. The incident power

on the nanostructured photocatalyst can be expressed as:

Pincident(/l) = Pincident (/1) X Asubstrate X ﬁff (4)

where Agypstrate 1S the area of the substrate on which the nanostructured photocatalysts are
standing, By is the aerial fill factor for the nanostructures, pincigent(4) is the incident
power intensity on the substrate, which can be derived by measurements using a broadband
detector. The S is considered unity (assuming all the incident photons are absorbed) for
the calculation of AQE. The number of incident photons per second, as a function of

wavelength is calculated from,

Pincident (/1)
Fincident'A) (5)
Eph (A)

where Epp(1) = % is the photon energy for the corresponding wavelength. The total

Nph W =

number of incident photons per second within (4; — A,) wavelength range can be

calculated as follows:

A Pinciden (A)xA
Nph,inc A4 —2) = f,llz —nedent—= d ) (6)

hc

The AQE for the S2 approach is then derived from the following equation:

AOE = 2 x Number of evolved H, molecules per hour « 100 % %
QE = Number of incident photons per hour 0

If we neglect the light trapping and scattering effect in the photocatalyst nanostructure,
the APCE can be estimated from equation (7) by replacing the number of incident photons

with that of the absorbed photons, derived as:
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Here, P,psorbed(4) can be calculated from the power incident on the sample and depends
on the absorption co-efficient and threshold wavelength associated with the bandgap of the
material, and on the morphology ( fg < 1) and dimension of the nanostructured
photocatalyst. Clearly, this APCE of the nanowire structure is only limited by the charge

transport efficiency to the solid-liquid interface (9¢ransport) and the efficiency of interfacial

charge transfer (Niyterface)- Energy conversion efficiency (ECE) is defined as the ratio of
the storable chemical energy (from photocatalysis) to the absorbable photonic energy that
is available to the photocatalyst on the substrate (limited by the absorption threshold), and

is calculated as

mmol
S

H, ( )x237 (KJ) x1000

mw
Pincident total (11—42) (—

ECE = X 100 % €))

sq.cm) X Asubstrate($g.cm)

Solar-to-hydrogen conversion efficiency (STH) is the most common platform for
comparing how efficiently a photocatalyst material can utilize the energy available from
the entire solar spectrum. For one-sun (non-concentrated) irradiation (100 mW cm?), STH

can be calculated as

(mmol
2 S

)x237 (KJ) x1000

STH = x 100 % (10)

mw
100 (m) XAsubstrate(sq.cm)

1.7 Optical Limits for the Efficiency of Solar Water Splitting

To estimate the efficiency that can possibly be achieved based on realistic
assumptions, it is very important to analyze the limits on the efficiency of the photocatalyst.
Here we examine the theoretical limits on the amount of hydrogen evolution, ECE and
STH efficiency of a photocatalyst (Figs. 1-6b, ¢ and d) in a one-step photocatalysis,
assuming 100% quantum yield and using AM1.5 Global-tilt solar spectrum (Fig. 1-6a).
The inherent assumption here is that the energy from the photons with wavelength shorter

than the threshold can be converted to hydrogen. From the analysis, it can be derived that
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for a photocatalyst with a threshold absorption wavelength of ~485 nm (Eg ~2.56 eV),
maximum of ~103.4 umol h'em™ H; can be produced with a limit on STH of ~6.81% and
on ECE of ~41.84% under intensity of one sun irradiation. On the other hand, to achieve
the solar-to-hydrogen conversion efficiency of ~10% under similar excitation condition by
using a photocatalyst with narrower bandgap of ~1.9 eV (extended absorption threshold
wavelength ~650 nm), the minimum quantum yield (AQE) required is ~49% while

producing ~153.4 pmol of hydrogen per unit area (cm?) per hour.
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Figure 1-6: a) Solar intensity spectrum for AM1.5 Global-tilt from 290-1100 nm. Ideal
theoretical limit of b) hydrogen evolution, ¢) solar to hydrogen conversion efficiency (STH), and
d) the energy conversion efficiency (ECE), for different absorption threshold wavelength
(corresponding to bandgap) of the photocatalyst, while assuming ideal apparent quantum
efficiency (AQE) of 100%.

However, apart from the band-edge potential requirements, sufficient overpotential is
also necessary for spontaneously driving the water oxidation and proton reduction reaction

in photocatalytic solar water splitting, while overcoming various inherent losses. Given
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that the redox potential of water is 1.23 eV, considering an overpotential of ~0.4 eV for
each of the half reactions, minimum excitation energy required for overall water splitting
becomes ~2.03 eV (<610 nm). Hence, for a given reaction with associated losses, there
will be a threshold wavelength () limited by the chemical conversion efficiency, which is
just capable of driving the reaction forward. Figure 1-7 illustrates the efficiencies for
conversion of solar radiation to stored Gibbs energy for single-bandgap (Fig. 1-7a) and for
dual-bandgap devices with equal photon flux absorption within each band (Fig. 1-7b). It is
predicted that a reasonably operating system in practice would introduce Ujess of ~0.8 €V,
thus limiting the efficiency to a maximum of ~17% for S, approach, which would require

a photocatalyst with threshold wavelength (Ag) < 610 nm (Eg ~2.03 eV).
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Figure 1-7: Efficiencies of solar to stored Gibbs energy conversion for a) Single-bandgap devices
and b) Dual-bandgap devices as a function of narrow bandgap wavelength, assuming equal photon
flux absorption. The top curve (blue) shows the ideal limiting efficiencies (1), and the lower
curves represent chemical conversion efficiencies for Ujess = 0.6 (green), 0.8 (red), and 1.0 (black)
eV per photon, respectively, assuming ideal apparent quantum efficiency (AQE) of 100%.
Intersection with the S2 or D2 (magenta) curve shows the threshold wavelength and efficiencies
for the corresponding system.

In a single band-gap system, the photogenerated high energy electrons (hot carriers
being an exception) will rapidly (<10 ps) relax to an energy close to the bandgap and
dissipate the extra energy into heat. Therefore, to minimize the energy loss due to thermal
relaxation, dual-bandgap system can be considered a better approach. In a dual-bandgap
system, two or more absorbing materials with complementary bandgaps are stacked, where
the large bandgap material is directly exposed to the irradiation and can absorb photons
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with A < A;. The lower bandgap material is placed underneath the larger-bandgap material
to absorb the rest of the photons with A1 <A < A2, including the high energy photons not
absorbed by the top large-bandgap layer. If we assume that equal number of photons are
absorbed in each layer (to make the presentation simpler), it can be seen from Fig. 1-7b
that for a system with ~0.8 eV loss per photon, the realizable limiting efficiency increases
up to ~24% allowing longer threshold wavelength of ~690 nm for the bottom absorber (A2)
with corresponding threshold wavelength of ~550 nm for the top layer (A1). Considering
the increased interest in dual-bandgap (tandem) photosystem, ideal limiting efficiencies

and those with ~0.8 eV loss per photon are presented in Figs. 1-8a and b, respectively.

1800
1600
1400

£ 1200
=

< 1000

800

600

400

300 600 900 1200 1500 1800 2100 2400 400 600 800 1000 1200 1400
A; (nm) A; (nm)

Figure 1-8: Contour diagram, representing a) Ideal limiting efficiencies (1), and b) efficiencies
with Ul = 0.8 €V per photon for dual-bandgap devices with wavelengths A; and A,. Path of
equal photon absorbed are shown by the blue line crossing through the contours in b).

1.8 Conclusion

The chemical transformation of sunlight, water and carbon dioxide into high-energy-
rich fuels, commonly known as artificial photosynthesis, is perceived to be one of the key
sustainable energy technologies in the future energy arena. Although considerable progress
has been made over the last four decades, the development of efficient, long-term stable,
scalable, and cost-competitive photocatalysts still remains considerably challenging.
Group-III nitride nanostructures possess immense potential for efficiently harnessing clean

energy just from sunlight and water. Proficient design of the photocatalyst nanostructures,
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optimization of the surface charge properties and charge-carrier dynamics to tune the
reaction kinetics can lead the community towards the goal of developing a highly efficient
artificial photosynthetic system. The goal of the thesis is, therefore, to explore technology
options for providing sustainable photocatalytic water splitting system which can generate
hydrogen efficiently from the renewable energy sources. The brief outline of the thesis is

as follows:

We briefly elucidate the status of the photocatalytic and photoelectrochemical water
splitting in Chapter 2, in terms of efficiency and stability of the photocatalyst. In Chapter
3, we have discussed the methodologies for the growth/synthesis and characterization of
nanostructured Ill-nitride photocatalyst. In Chapter 4, we have investigated the impact of
surface charge properties on the photocatalytic activity of Ga(In)N nanowires.
Consequently, Chapter 5 addresses the issue of carrier trapping and recombination, and
their detrimental effects on significantly limiting the efficiency. Chapter 6 carefully
highlights on the burning issue of suppressed interfacial charge transfer and limited
photochemical stability of semiconductor catalysts, especially under concentrated
irradiation. An artificial photosynthetic system, with enhance solar-to-hydrogen
conversion efficiency and long-term stability is demonstrated therein. Subsequently, a new
generation of semiconductor, namely dilute-antimonide (Sb) IlI-nitride is explored in
Chapter 7, both theoretically and experimentally, for extended visible light absorption.
Synergistic incorporation of In and Sb into GaN is briefly discussed in Chapter 8 within
the dilute-Sb limit (<1%), demonstrating the controllable tuning of conduction- and
valence-band edges. Finally, the major findings of the thesis are summarized in Chapter 9,
followed by the discussion on some of the very promising preliminary investigations and

detailed proposals for future direction.
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Chapter-2

Status, Challenges and Scopes for Efficient and
Stable Artificial Photosynthesis

2.1 Introduction

Hydrogen production nowadays is mostly dependent either on the high-temperature
steam reforming via reaction with fossil fuels (e.g. CH4+ H20 — CO + 3H») or coal
gasification in the presence of oxygen (e.g. 3C + O2+ H,O — Hy + 3CO). Both the
processes produce CO, which contributes indirectly to global warming — by reducing OH
radicals that help decreasing the lifetimes of strong greenhouse gases (like methane). As
such, only 4% of the world's hydrogen is produced from the electrical energy by
promisingly electrolyzing water, compared to more than 90% driven by thermal energy.
However, in the pursuit of carbon-free clean energy, there had been a significantly
increased interest in hydrogen generation from renewable energy sources, namely, the most

abundant solar and water resources on Earth, via artificial photosynthesis.

Numerous approaches have been pursued so far to construct an artificial
photosynthetic system, and many photocatalysts (comprised of organic or inorganic
semiconductors) with adsorbed co-catalysts have been vigorously developed. Metal oxides
including the pioneer TiO: and others such as iron oxide, zinc oxide, copper oxide have
also been widely explored. Besides, metal sulfides including cadmium sulfides, and zinc
sulfides, in addition to nitrides and nanocomposite materials have been intensively studied
as light-absorbing photocatalysts for water splitting. Photocatalytic/photochemical and
photoelectrochemical (PEC) water splitting are two of the most widely used approaches
for producing hydrogen as a green fuel. The electrolysis of water, which accounts for ~4%
of today's hydrogen production, has been used commercially since early 1900s.

Electrolysis in conjunction with renewable energy sources also drew significant attention
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lately, where the solar radiation is converted into electrical energy through a photovoltaic
(PV) system for driving an external electrolyser to produce hydrogen. This approach is
highly durable, as the photovoltaic system (solar cells) does not need to be immersed into

the electrolyte, and therefore, is not susceptible to corrosion.

However, the implementation of such system involves high production and
installation cost of photovoltaic devices. To alleviate the limitations, electrolysers
integrated with photovoltaics are also investigated (PV-electrolysers), in which the light
absorbers consist of single or multiple junctions of a material (p/n or p-i-n), or materials
with complementary bandgaps (tandem configurations) stacked on top of each other,
thereby increasing the photo-potential and utilizing a larger part of the solar spectrum. PV
integration approach has also been frequently applied to realize both the photocatalytic and
the photoelectrochemical (PV-PEC) water splitting for hydrogen generation (using
wireless and wired configuration). This chapter elucidates some of the key issues and
challenges associated with the realization of highly efficient and stable state-of-the-art
water splitting systems, namely the photochemical, PEC, PV-PEC water splitting and PV-
electrolyser approaches. Subsequently, the opportunities and strategies to address some of
the problems while making progress towards efficient and stable hydrogen generation from

overall pure water splitting are also discussed.

2.2 State-of-the-art Efficiencies and Stabilities in Water Splitting

The discussion in the following sections will exclude the efficiency values and
duration of long-term stability achieved and reported in this dissertation. As per the
discussion so far, there are various forms of water splitting, each approach having certain
benefits and limitations associated with it. Therefore, the efficiency values differ

significantly depending on the approach, both theoretically and experimentally.

2.2.1 Photochemical or Photocatalytic Water Splitting

Due to the much simpler configuration, photocatalytic water splitting is amenable to
cheap and large-scale hydrogen generation, and therefore, is largely explored for decades.
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Some of the best efficiencies and stabilities reported for photocatalytic water splitting

systems are listed in Table 2-1.

Table 2-1: State-of-the-art photocatalytic systems for overall water splitting.

Photocatalyst material STH Stability | Reference
CoO nanoparticles 5% lh [61]
Co-Ci/ Mo:BiVO4-CH3NH3Pbl3/TiO,/Pt 3% 12h [93]
Co-OEC/3-jn Si SC/Ni/NiMoZn 25% | 10-24h [94]
CDots-C3N4 2% 200 days [56]
Rh/Cr,03 load InGaN/GaN nanowire 1.8% 10 h [95]
Ru-loaded SrTiOs;:La,Rh/C/BiVO4:Mo sheet 1.2% 6h [96]
Ru-loaded SrTiO;:La,Rh/Au/BiVO4:Mo sheet 1.1% 10 h [58]
Si/TiO; nano-tree array 0.12% 45h [97]
Pt, PtOy, and CoOy loaded g-C3N4 N/A 510 h [67]
NiOy loaded Ing.9oNio.10TaO4 N/A 120 h [98]
Rh/Cr;03 loaded GaN nanowire N/A 21h [99]
Rh-Cr,03 loaded Bio375Y0.625VO4 N/A 18h [100]
Rh20;3-Cr203 loaded (GaixZny)(N1xOx) N/A 15h [63]
RuO; loaded (Zn1.44Ge)(N2.0800.38) N/A 8h [101]
NiO loaded NaTaOs:La N/A 6h [62]
Rh-yCryO3 loaded (GaixZny)(N;.xOx) N/A 5h [64]
Rhy.yCryO3 loaded SrTiO3 N/A 5h [65]

To achieve unassisted overall water splitting using the two-photon photocatalytic
process, the conduction and valence band edges of the photocatalyst must straddle the
redox potentials, while possessing a sufficiently narrow bandgap to absorb a large part of
the solar spectrum. Due to such stringent requirements, there are very few photocatalysts
e.g. Ni-doped InTaOs, CDots-C3Ns composite, and GaN:ZnO solid solution, that can

perform standalone unassisted, overall water splitting reaction under visible light
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irradiation [5, 41, 56-60]. On the other hand, tandem heterostructures using narrow
bandgap semiconductor materials suffer from low carrier extraction efficiency in overall
pH neutral water splitting under no-applied bias. Therefore, the best reported solar-to-
hydrogen (STH) conversion efficiency for pH neutral photocatalytic water splitting is
limited to ~1%, or less, compared to the 10-16% reported for PEC devices.

For example, as reported by Liu et al., the integrated TiO»|(contact)|Si structure with
complementary bandgaps in nanowire form exhibits STH efficiency of only ~0.12% in
direct overall water splitting, which is significantly low compared to the complexity
associated with the device fabrication [97]. Wang et al. reported an STH efficiency of
~1.1% for 10 hours in 2016 [58] and ~1.2% for 6 hours in 2017 [96] for one-step neutral
pH overall water splitting on Ru-catalyst loaded SrTiOs:La,Rh|(contact)/BiVO4:Mo
device, with Au and C as sandwiched contact, respectively. Reece et al. reported a wireless
water splitting device comprised of triple-junction Si solar cell to perform as a narrow
bandgap absorber and to provide intrinsic (spontaneous) performance in the absence of an
external bias [94]. When immersed in conductive electrolyte of 0.5 M KBi/1.5 M KNOs at
pH ~9.2, the device provides an STH of ~2.5% which is stable for less than 24 hours,
despite the higher photon conversion efficiency of the Si solar cell (6.2%). A similar
approach is reported by Kim et al. at near-neutral pH (~7.0) condition in 0.1 M K,HCOs,
which consist of extrinsic/intrinsic dual(Mo)-doped BiVO4 on Perovskite solar cell, and
when loaded with cobalt carbonate (Co-Ci) the device provides an STH efficiency ~3.0%
for 12 hours [93].

On the other hand, the highly stable photocatalysts reported so far, either provides with
extremely low efficiency or limited absorption threshold. For example, 21 hours of
photocatalytic stability for Rh/Cr203 loaded GaN nanowire is reported by Kibria et al.
under UV excitation showing ~51% internal quantum efficiency [99]. In contrast, Zou et
al. demonstrated the stability of NiOy loaded Ing.90Nio.10TaO4 for 400 hours under >420nm
excitation [98], with only 0.66% quantum yield for NiOy loaded Ino.g0Nio.20TaOs. Similarly,
the study conducted by Zhang ef al. on Pt, PtOx, and CoOx loaded g-C3N4 exhibits excellent
long-term stability for 510 hours, however, with limited apparent quantum yield (AQY) of
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~0.3% at 405 nm in overall water splitting reaction [67]. Other best reported stabilities are

limited to less than 20 hours with very low efficiencies [62-65, 100, 101].

It is worth mentioning that an STH of ~5% had been reported on CoO nanocrystals by
Liao et al. [61], which are barely stable (<1 hour) in harsh photocatalytic environment. The
nanocrystal surfaces become corroded due to difficulties in co-catalyst loading, and further
studies seem to be necessary to understand the mechanism and to confirm the
reproducibility [58]. On the other hand, a different 2-step approach of water splitting by
Liu et al. using CDots-C3N4 showed ~2% of STH for 200 days [56], which requires
efficient generation as well as subsequent decomposition of H>O», putting further
constraints on the bandgap of suitable photocatalyst (>1.78 eV, compared to ~1.23 eV for

neutral pH overall water splitting, excluding necessary over-potentials).

Table 2-2: State-of-the-art paired-electrode PEC systems without photovoltaics.

Anode OER Cathode HER Electrolyte Surfage STH | Stability | Ref.
cocat. cocat. protection
. 0.5M
Re-grown g, 11O Pt | phosphate | TiO;layer 0.91%  10h | [102]
haematite a-Si
(pH~11.8)
Mo/Ti/ 05M
S . CdS/ potassium o
Bi-BiVO,; | NiFeOx (ZnSe)oss- Pt borate N/A 091% ~1.5h  [103]
(CIGS)o.15 (pH~9.5)
CdS
Mo:  NiOOH & /CuGasSes 0.IM
i KH,PO .679
BiVO, | /Fe0OH | fagcn) | T PO, N/A  0.67%  2h  [104]
(pPH~7)
GaSe;
Tio 0.1M
/B'ch) CoO, | TiOs/p-Si  NiOx K804 | TiO;layer 0.59%  5h  [105]
1V (pH~9.2)
S 0.1 M
BiVO, CoPi P Pt K3PO4 N/A 0.57%  3.5h  [106]
nanoarray (pH~5.5)
TiO; 1 M NaOH 80%
W:BiVO4 CoPi /Al:ZnO | RuOyx | phosphate = TiO;layer | 0.5%  current | [107]
/Cu0 (pH~6) in 2 min
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2.2.2 PEC Water Splitting without Photovoltaics

In contrast to unassisted photocatalytic overall neutral pH water splitting at zero-bias,
photoelectrochemical (PEC) water splitting devices are typically assisted in numerous
ways, such as, by imposing —

a. an external bias voltage,

b. an internal bias voltage with different concentration of hydrogen ions,

c. an internal bias voltage with the use of integrated photovoltaics (the PV-layers can

also contribute as a low-bandgap absorber and enhance photon conversion efficiency).

Therefore, PV-PEC systems typically demonstrate higher efficiencies in acidic or
alkaline condition, and hence, is not likely to compare with the efficiency values achieved
using photocatalytic or photochemical approach of neutral pH water splitting. It is
worthwhile mentioning that, the high STH reported for PEC water splitting are mostly
designed for either photocathodic or photoanodic performance of the electrode which
requires noble-metal counter electrode to perform one redox half-reaction. Significantly,
the STH efficiency is very low till today for paired-electrode PEC system, where both the
photocathode and the photoanode are designed using semiconductors (single or
tandem/dual-absorber). For example, the performance of conventional 2-photon tandem
photoelectrodes are generally very poor, exhibiting efficiency in the range of ~0.5-0.9%
or less [104-107] (see Table 2-2), which are significantly less than the best reported single
photoelectrode (~1.8%) [108, 109] and PV-PEC devices (16%) [110]. However, slightly
higher efficiency values (~0.9%) have been demonstrated in two independent studies,
using a hematite (Bi-BiVO4) as photoanode and amorphous Si (solid solution of ZnSe and
Cu(In,Ga)Se>) as photocathode with NiFeO, and TiO»/Pt (Pt, Mo, Ti, and CdS) overlayers
[102, 103]. Attempts have been made to connect two (GaN/InGaN) nanowire photoanode
and photocathode, which only leads to a power conversion efficiency of ~2.0% [111]. A
recent study further demonstrated that, by mimicking the functions of photosystem II (PSII)
with BiVO4 semiconductor (light harvester) protected by a layered double hydroxide
(NiFeLDH, hole storage layer), an STH efficiency ~2.0% can be achieved. The system
uses a partially oxidized graphene (pGO) as biomimetic tyrosine for charge transfer, and
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molecular Co-cubane as oxygen evolution complex [112]. The stability of

photoelectrodes are, however, extremely poor, mostly limited to ~10 hours or less.

Table 2-3: State-of-the-art PEC systems/electrolysers with integrated photovoltaics.

the

Anode OER 1 Cathode | TER | Erectrotyte | SUT3 | STi | Stability | Ref:
cocat. cocat. protection
PV-PEC Systems
339
1 M HCIOq4 o
-0 19.3% | reduced
(PH-0) Almnp/ in 30min
RuO na | GaealnosPlo oy AlInPO / [113]
i Gaopsolno.11As 0.5M L 17%
KH2P04/ T102 o
K,HPO, 18.5% | reduced
(pH~7) after 20h
3M H,S04 15%
InP -AllnP
RuOx N/A GalnP/ PRRu = 1mM AT 16% | reduced | [110]
GalnAs T passivation
riton X over 1h
Ge/GalnAs/ 50%
InP °
RuO, N/A A??nrll ;) . R ! ?ﬁgfgf fNA 14%  reduced  [114]
A;InP_z) over 35h
05M Metal-
n-p GaAs/ IrOx p-n GaAs .
H,SO 19
PUTI/PUAU | nH:O  /AuGe/Ni/Au S0 passivation 13.1% - N/A - [113]
(pH~0.55) layer
3M H,SO4 ~20 min,
Ptcounter = N/A | OAP j/ GaAs A o0imM NA  124% t087.5% [116]
p/n Triton X in20h
Ge/GaAs/ 3.0M o
10, NA L Cemio, | M HCO, NA  112%  7-9h | [117]
PV-Electrolysers
InGaP/GaAs/ InGaP/GaAs/
Ir Pt PEM
GalnNAsSb black GalnNAsSb black | electrolyser N/A 30% 48 h [118]
3-jn SC 3-jn SC Y
P
AlGaAs/Si  RuO,  AlGaAs/Si blatck ! 1(\14,:3)04 NA  183%  14h | [119]
Gao3sIng.6sP/ Gao35Ing.6sP/
23h
Gao_33ln0_17AS Ir Gao,8311’10, 1 7AS Pt ele(zi)]:/[ ser N/A 1 8% outfioor [120]
2-in SC 2-jn SC Y
n/p-GalnP/ n/p-GalnP/ 9h
2M KOH .59
GaAs Pt GaAs Pt 0 N/A 16.5% outdoor [121]
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2.2.3 PEC Water Splitting with Integrated Photovoltaics

Since the demonstration of an STH ~12.4% with limited stability by J. Turner in 1998
[116], PV-PEC devices on Ga(In)As/Ga(In)P platform are consistently being reported till
today with an efficiency in the range 10-14% and stability < 80 hours [114, 115, 117, 122].
An enhanced STH efficiency of ~16% is reported by Young et al [110] using
GalnP/GalnAs tandem absorber with significantly limited photocurrent stability. Higher
stability had been demonstrated on triple-junction Si solar cell for 31 days, however, with
reduced efficiency of ~5% [123]. Recently, a stability study through electrolyte
engineering has shown that, the use of a vanadium-saturated solution can suppress the
photo-corrosion of vanadium-containing catalysts e.g. BiVOs, with photocurrent stability
up to ~450 hours [124]. The state-of-the-art efficiencies for the PV integrated electrolysers
are typically higher than that of PV-PEC systems (in the range of 15-30%).

In summary, as for unassisted PEC water splitting, the state-of-the-art STH efficiency
is limited to ~1-2% while being stable for duration as low as 12 hours without the
incorporation of any photovoltaic (solar cell). Although the STH efficiency is boosted up
to 16% for PEC [110], and to 30% for electro-catalysis [118] when integrated with
photovoltaic cells (see Table 2-3), most of the reported unassisted PEC water splitting
systems still suffer from the instability (limited to < 100 hrs). Despite comparatively lower
STH efficiency than that from PEC water splitting, photochemical or photocatalytic
dissociation of water has been intensively studied as an alternative, due to its simplistic
configuration and the capacity to directly split water, which is ideally suited for large scale
solar fuel production. While tremendous progress has been made in photoelectrochemical
(PEC) water splitting in the past decades, it is not suited to split nearly pH neutral water
such as sea water, due to the need of conductive electrolyte. Although it has often been
referred to as a wireless version of PEC water splitting, the photocatalytic or
photochemical approach of water splitting does not require any external bias (zero bias,
unassisted) and conductive electrolyte due to the monolithically integrated nature of the

micro-/nano-electrode (in the form of co-catalyst), and therefore, is of great interest.
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2.3 Challenges in Designing Efficient and Stable Photocatalyst for OWS

Designing an efficient photocatalyst requires simultaneous improvement in all the
three key steps in photocatalytic water splitting reactions:
i. maximize the photon-harvesting ability through bandgap engineering for
promoting the generation of active electron—hole pairs,
ii. minimize detrimental recombination through interface engineering for efficient
charge carrier separation and migration towards reaction sites, and
iii. enhance the reactivity and stability of the photocatalyst through surface

engineering.

Progress in this field, however, has been severely limited by the lack of suitable
photocatalyst whose energy bands can straddle the water redox potential. In this context,
group III-nitride semiconductors, e.g. Ga(In)N, with its extreme chemical stability emerges
to be the only material among the currently known photocatalysts, whose energy bandgap
can be tuned across nearly the entire solar spectrum and can straddle water redox potentials
over a wide absorption range (UV, visible, and near-infrared), thereby holding an enormous
promise for high efficiency one-step overall water splitting. To date, however, the
efficiency of overall water splitting using Ga(In)N and other visible light responsive
photocatalysts has remained extremely low [125-127]. While much of the prior state-of-
the-art researches are focused on enhancing the optical absorption through extension of
threshold wavelength via bandgap engineering [27, 29, 71, 127], the detrimental effects of
unbalanced charge carrier extraction/collection, their recombination and trapping (in the
bulk and on the surface), on the efficiency of water splitting reaction and the stability of
the photocatalyst has remained largely unaddressed. Accordingly, it would be essential to
address the reduced efficiency arising from unbalanced charge carrier extraction/collection
and realize an effective and standalone photocatalytic hydrogen generation through solar

powered water splitting.

Recently, nanoscale photocatalysts have been intensively studied which can increase

light absorption and charge carrier separation, and therefore enhance the quantum
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efficiency [128]. Fermi-level pinning, however, has been commonly measured on
nanowire surfaces such that the resulting surface band bending creates an additional energy
barrier for charge carrier transport to the photocatalyst-water interface leading to
significantly reduced reaction rate and extremely low efficiency. To date, the rational
synthesis of nanostructured photocatalysts with suitable bandgap, and the engineering of
carrier transport for reduced recombination at nanoscale, with controlled surface charge
properties has remained a near-universal challenge. Such uncontrolled carrier transport and
surface charge properties can further contribute to the reduced photocatalytic efficiency of
the system, and to the photo-corrosion and instability of various nanostructured
photocatalyst under harsh photocatalysis conditions, severely limiting their practical

applications.

2.4 Factors Affecting Photocatalytic Performance in OWS

A semiconductor with sufficiently narrow bandgap (or extended absorption threshold)
and crystalline quality (no carrier-trapping centers) does not guarantee efficient
photocatalytic performance, despite its possessing the necessary over-potentials for water
oxidation and proton reduction. As such, there are some internal and external factors that
have substantial influence on the performance of the semiconductor catalyst in
photochemical reaction, and therefore, can be engineered accordingly. In the following
sections, we will focus on the role of some influential factors, while considering

photocatalytic water splitting on a semiconductor-based photocatalysts.

2.4.1 Charge Carrier Separation and Enhanced Carrier Lifetime

The underlying reason for the low photo-activity of various catalysts are the inherent
mismatch between the bulk charge carrier lifetimes and the rates of charge transfer
reactions. Kinetically, one of the key requirement for photocatalytic water splitting is the
generation of charge carriers with lifetime in the order of at least milliseconds (ms). The
bulk charge carrier lifetimes of metal oxides, such as TiO2, hematite, BiVOs4, or in metal
nitrides e.g. Ga(In)N range from picoseconds (ps) to nanoseconds (ns). Considering the

water oxidation mechanism, interfacial charge transfer occurs on the millisecond to second
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timescales, as shown in Fig. 2-1. Evidently, a staggering 12 orders of magnitude mismatch
in the lifetimes of interfacial charge transfer (i.e. productive) and charge recombination
(i.e. energy loss) steps can cause substantial reduction in the photochemical activity.
Therefore, to enhance the charge transfer rate for efficiently competing with the carrier
recombination, strategies need to be applied that significantly increase the charge carrier
lifetime within the semiconductor catalyst. Various approaches are proved to be promising
and are widely implemented in the design of semiconductor photocatalyst, which include
- increased width (W) of space charge region (SCR) by applying external bias, using the
internal electric field in ferroelectric materials, heterojunction formation with metal oxides
or plasmonic metals, donor—acceptor dyads, integration of photovoltaic cells (p-i-n

heterojunctions) etc.
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Figure 2-1: a) Schematic illustration of the timescales and competition between the dynamic
processes, such as carrier recombination and charge extraction from a semiconductor. b) Typical
recombination pathways and timescales. W denotes the width of the depletion layer [129].

The p-n junction is an effective approach for charge carrier separation to individually
engineer either oxidation or reduction reaction forward at the nanoscale [130-133], and are
widely used for PEC devices. By increasing the width of the depletion layer (W) through
applied bias, and by transferring the carriers into SCR where back electron—hole
recombination across the SCR (process 3 in Fig. 2-1b) is significantly retarded - the lifetime

of the holes can be effectively prolonged from picoseconds to the second timescale.
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However, the junction engineering approaches offer internal electric field as a driving force
for spontaneous and unidirectional charge transfer only at the near-surface region and near
the space-charge region (SCR) at the interface, which further limits the carrier separation
efficiency at zero bias. For overall unassisted photocatalytic water splitting, it offers band-
bending at the semiconductor-electrolyte interface that hinders the migration of the
appropriate carriers (both electrons and holes) to participate in respective half-reactions,
resulting in reduced efficiency. Moreover, interfaces (junctions) need to be carefully
optimized in order to improve the photocatalytic performance, by tailoring the interfacial
parameters, namely, compositions, interfacial area, defects, electronic coupling between
surfaces, and the distance from the interface to the active redox sites [97], thus making the
implementation more challenging. If the distance from the interface to the surface is large
(thick semiconductor layers), potential difference is required to govern the charge transfer
from the semiconductor interface to the bulk or from within the bulk to the reactive
surfaces, thus limiting its performance in zero-bias overall water splitting. Some effective
approaches of charge carrier separation for enhanced photocatalytic performance in overall

neutral pH water splitting will further be discussed in Chapter 5.

2.4.2 Role of Co-catalyst on Photocatalytic Performance

As discussed in section 1.6, for efficient solar fuel production, both 7¢ransport to the
solid-liquid interface and Mjprerface N€€d to be enhanced, i.e., charges not only need to reach the
semiconductor—electrolyte interface, but interfacial charge transfer must also occur to
extract the charges. Kinetic competition between surface recombination (including carrier
trapping in surface states) and interfacial charge transfer determines the rate of surface
reactions. To provide the surface charges with sufficiently longer lifetime so that they can
cope up with the slow surface-reaction kinetics, carrier sinks, commonly known as co-
catalysts, are employed for individually extracting electrons and holes to facilitate HER
and OER, respectively (Fig. 2-2a). Dispersion of co-catalyst (for HER and OER) on the
semiconductor surface needs to be engineered such that it leads to the formation of
atomically well-defined junctions between them for efficient collection of photoinduced

charges (electrons and holes respectively). Although the rate of water splitting is relevant
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to both oxidation and reduction reactions, the slower one will be the rate determining step

for the overall reaction.

However, the co-catalysts perform more than just being a carrier sink to provide longer
carrier lifetime. For example, nanoparticulate co-catalysts dispersed on the semiconductor
surface provide effective and distinct reaction sites (Fig. 2-2a) and suppresses back
reaction. Apart from enhancing the charge carrier separation at the interface, loading of co-
catalyst nanoparticles also electro-catalyze the surface redox reactions while decreasing
the activation energy (E.) for water splitting. In this context, Platinum-group metals (Pt,
Rh, Pd, etc.) are proved to be excellent HER electrocatalysts, which however, are also
active for the OER in most cases. Therefore, it is necessary to make the co-catalyst surfaces
insensitive to the back-reaction (i.e. the products forming reactants) and make them HER-
selective. Metal/metal oxide surfaces with a core-shell structure (Metal/CrOx) had been
successfully used, where the shell material functions as selectively permeable membrane

for proton and Hz but not for Ox.
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Figure 2-2: a) Carrier dynamics and mechanism for overall water splitting on a semiconductor
photocatalyst, loaded with HER and OER co-catalyst simultaneously. b) Reduction of
photoluminescence intensity from GaN nanowire due to carrier trapping in the co-catalysts.

The photoluminescence (PL) signal strength has often been directly correlated with
the charge carrier trapping, their migration and transfer efficiency, and corresponding
photocatalytic activity of the device. In numerous studies, the PL intensity of photocatalytic
material was found to decrease as a function of noble metal loading. This has been ascribed
to the electron-scavenging effect of metal nanoparticles that act as electron acceptor owing
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to their larger work function[134-136]. Apart from noble metals, PL intensity also gets
reduced in general due to the efficient electron and hole capture by hydrogen evolution
reaction (HER) co-catalyst (such as WO3, WSe, SnO;) and oxygen evolution reaction
(OER) co-catalyst (such as PbS, MnO;, Co304), respectively [137, 138]. In this
dissertation, Rh/Cr2O3 core-shell structure had been successfully used as efficient HER co-
catalyst on IlI-nitride nanowires. The PL intensity from co-catalyst nanoparticle decorated
GaN nanowires was found to be reduced by 50-60% (Fig. 2-2b) due to electron trapping
by Rh/Cr,03, and therefore, reduced recombination. Simultaneous deposition of both HER
and OER co-catalysts can also reduce the PL intensity further [138, 139].

It is worthwhile mentioning that, efficient charge separation through controlled
exposure of facets that are either highly reactive or anisotropic, or possess different work
function had been well-reported on various semiconductors, such as TiO2, BiVO4, Cu WS,
Cu20, BiOCl, SroNb2O7, BaTi407, BaLasTi40, WOs3, BiVOs, PbTi03, AgsPO4 and StTiO3
[29, 71, 140]. The enhanced photocatalytic activity derived from these structures though
selective distribution of co-catalysts is mostly ascribed to the spatial separation of redox
sites and reduced charge carrier recombination. Spatial separation of the co-catalyst
nanoparticles further reduce the probability of charge carrier recombination and back
reaction [141, 142]. Synergetic effect of the facet-preferential charge separation and
subsequent distinction of active redox sites had been analyzed in numerous studies [143-
145] through selective deposition of OER (for oxidation) and HER (for reduction) co-
catalysts on the hole- and electron-rich facets, respectively. In situ photo-deposition of
noble metals and metal-oxides successfully determines the locations of the respective

photo-generated carriers corresponding to the deposition mechanism [146-148].

2.4.3 Role of Electrolyte on Photocatalytic Redox Reaction

The electrolyte properties play very crucial role in systems where the electrochemical
reactions are involved. And hence, the electrolyte selection varies greatly across different
solar fuel production systems, starting from the very acidic to very basic condition. The pH

of the electrolyte contributes in multiple ways by — adjusting the band-edge position for
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sufficient over-potential, controlling the reaction kinetics and intermediate steps in a
favorable way, increasing the ionic conductivity to reduce ohmic losses in the electrolyte.
As discussed in section 1.3, the reaction mechanism of overall water splitting is
significantly influenced by the electrolyte condition. Depending on the medium (acidic,
neutral or basic), the reactants of the oxidation reaction, the rate limiting step for overall
water splitting differs (hydronium ion, water or hydroxide ions), consequently affecting the
efficiency of the photocatalytic reactions. In addition, the local pH near the electrode
surfaces can be completely different from each other and from the pH level in the bulk,
even at near-neutral pH condition of the electrolyte. For example, in overall water splitting,
protons are released at the photoanode (OER) and are consumed at the photocathode
(HER). Therefore, it will rapidly develop a significant pH gradient (>6 pH units) in
seemingly near-neutral electrolytes. This in turn increases the voltage required to drive the
reaction forward even at low operating current densities and limits the system efficiency
severely. To minimize the pH gradients, strongly acidic or strongly alkaline electrolytes
are frequently used, which also reduces the resistivity for the mass transport in the
electrolytes of a system where the two electrodes are distant from each other. However,
ionic conductivity can also be increased in near-neutral pH condition by adding a
supporting electrolyte or buffer solution. The commonly used buffered species are the

phosphate, carbonate and borate anions, which also influence the reaction kinetics.

Therefore, careful attentions are required while designing the integrated solar fuel
production systems (photocatalytic and photoelectrochemical water splitting), as the mass
transport can become the limiting factor for the overall performance, particularly in
buffered condition. Photocatalytic or photochemical water splitting uses an integrated
system of photocatalyst where the electrodes are close to each other, as such the problem
of the ionic diffusion is largely eliminated, providing an enormous potential for neutral pH
pure and sea water splitting. However, this increases the probability of back reaction due
to the proximity of HER and OER half-reaction sites, and hence requires measured
engineering approach for designing an efficient and stable photosynthesis system, as

addressed in Chapter 5 in detail.
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2.5 Scope of the Thesis

The goal of the thesis is to explore technology option that would provide sustainable
photocatalytic water splitting system - to generate hydrogen as a green fuel from the
renewable energy sources, namely, the ubiquitous and abundant water and the sunlight.
Therefore, the experimental conditions are designed to imitate a more realistic water
splitting device, such that a concentrated irradiation source is used to split neutral pH pure
water. The concentrated illumination is of utmost interest for economically viable
industrial production of hydrogen from photolysis [14] within the limited space, while
using lesser amount of photocatalyst material. A realistic limit of the concentrated light
that can be used for water splitting is estimated in the range of 10-20 suns [13, 14, 16, 149].
Unfortunately, most of the photocatalysts are not stable in water splitting reaction under
high-intensity excitation. On the other hand, highly acidic/alkaline electrolytes (with
extreme pH) are conventionally explored to ensure maximum efficiency in photo-/electro-
chemical reactions. However, when hydrogen production process is considered with
respect to the use of renewable energy sources, factors other than the photocatalytic
performance must be considered [53]. For example, in the localized system for energy
management, safety concerns can be overcome more easily under milder conditions, which
can subsequently contribute to the reduction of the capital cost. Therefore, despite the
additional challenges, understanding and improving the performance of the photocatalyst
in neutral pH pure water and under concentrated excitation is of immense importance in
the construction of a future sustainable fuel community, and hence, is the primary objective

of this thesis.

Each year, over 10,000 million square inches of Si wafers are produced, which largely
drives the nearly US$3 trillion consumer electronics market. Similarly, GaN, which is the
second most invested semiconductor material only next to Si, has been widely used
industrially in solid-state lighting, blue/green laser diodes, and high-power electronic
devices with a combined market value exceeding $100-billion. Therefore, design and
synthesis of reproducible GaN-based nanostructures and its alloys, e.g. InGaN on
commercial Si wafers, is of great interest for leading towards commercially viable large-
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scale clean hydrogen generation from unassisted solar-driven pure water splitting. In this
context, this dissertation gradually and sequentially addresses some the key challenges
associated with the design of a nanostructured Ga(In)N photocatalyst for efficient and
stable hydrogen generation, which includes — tuning the bandgap and surface charge
properties for enhanced visible light absorption while ensuring sufficient over-potentials
for both water oxidation and proton reduction reaction, engineering the structure/interface
for efficient charge carrier separation within the nanostructure to suppress back reaction
and carrier recombination, and engineering the surface for enhanced stability and efficient
interfacial charge transfer between the photocatalyst and the electrolyte. The detailed

outline of the thesis is as follows.

In Chapter 1, we have discussed the fundamentals of photocatalytic water splitting, the
reaction mechanisms and the prospect of IlI-nitride as an efficient and stable photocatalyst.
Conventional terminologies to evaluate the performance of a photocatalyst and their
theoretical limits are also described therein. Chapter 2 briefly elucidates the status of the
photocatalytic and photoelectrochemical water splitting in terms of efficiency and stability
of the photocatalyst. The challenges that lies in the path of designing efficient and stable

photocatalyst, and the scopes and opportunities to address those issues are also highlighted.

In Chapter 3, we have discussed the growth/synthesis of nanostructured Ill-nitride
photocatalyst using Molecular Beam Epitaxy (MBE). The characterization techniques for
their structural, optical and surface charge properties, and methods for their performance
evaluation are also described therein, along with the influential factors that can potentially

contribute to achieving high-efficiency overall neutral pH water splitting.

In Chapter 4, we have investigated the impact of surface charge properties on the
photocatalytic activity of Ga(In)N nanowires. In addition to the optimization of energy
bandgap and band edge positions, it addresses the issues related to imbalance in redox
reactions, reduced efficiency, and poor stability. Subsequently, through controllable dopant
incorporation during the growth process, the surface charge properties of the nanoscale

photocatalyst were tuned to provide the appropriate Fermi level and/or band bending to
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allow the balanced extraction of electrons and holes for the photochemical water splitting

to proceed at high rate and high efficiency.

Chapter 5 addresses the issue of carrier trapping and recombination in the bulk of the
semiconductor and their detrimental effects on significantly limiting the efficiency. For
semiconductor-based photocatalysts, efficient separation of photo-generated charge
carriers (electrons and holes) towards the appropriate catalytic sites has remained
challenging, particularly for photocatalytic water splitting wherein no external bias is
applied. Accordingly, we proposed and demonstrated a new class of multi-band InGaN
nanosheet photochemical diode structure, which can spontaneously induce charge carrier
separation and steer charge carriers toward the distinct redox sites for water oxidation and
proton reduction, respectively. During the growth process, p-type dopant (Mg)
concentrations were rationally tailored, leading to a large work function difference (up to
300 meV) between the two parallel surfaces and resulting in the formation of p-p*
nanoscale lateral junction. In addition to the efficient charge carrier separation and
extraction, the spatial separation of catalytic sites in such a nanoscale photochemical diode
can effectively reduce carrier recombination and back reaction. Consequently, an

impressive STH efficiency of ~3.3% had been derived for pH neutral overall water splitting.

Chapter 6 highlights the burning issue of suppressed interfacial charge transfer and
limited photochemical stability of semiconductor catalysts, especially under concentrated
irradiation. Although the use of wide-bandgap protection/passivation layers such as TiO»,
are largely reported to improve the stability for PEC water splitting, such extra protective
layers significantly compromise the charge carrier extraction, with additional level of
complexity in the design and synthesis of the photoelectrodes. In this chapter, we have
investigated the distinct, as well as the synergistic effect of the water oxidation co-catalyst
CoOy, the proton reduction co-catalyst Rh/Cr,03, and the surface band bending of the
nanowires on the performance and long-term stability for photocatalytic overall water
splitting reactions. Ga(In)N nanowires, carefully engineered with atomically thin N-rich
surfaces, together with the reduced surface band bending through Mg-dopant incorporation
and faster water oxidation enabled by Co304, can overwhelmingly enhance the injection of
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photogenerated holes into the aqueous solution, and can exhibit long-term stable operation

(>580 hours) in unassisted pure water splitting.

Chapter 7 explores, both theoretically and experimentally, a new generation of
semiconductor (I1I-nitride) for extended visible light absorption, namely dilute-antimonide
(Sb) III-nitrides. The study demonstrates the first ever realization of optically active dilute-
Sb GaSbN nanostructures, which emits (absorbs) visible light due to very small amount of
Sb incorporation into GaN in the dilute limit (<1%) and holds enormous promise for
visible-light driven water splitting. The synergistic effect of In and Sb incorporation into
GaN is briefly discussed in Chapter 8 within the dilute-Sb limit (<1%), demonstrating the
controllable tuning of conduction- and valence-band edges to realize narrow-bandgap

quaternary Ga(In, Sb)N heterostructures.

In Chapter 9, we have summarized the major findings in this thesis and concluded with

discussions on some promising investigations and detailed proposals for future direction.

2.6 Conclusion

Herein, we have briefly summarized some of the highly efficient, stable and best
performing photocatalyst for hydrogen and oxygen evolution till today; and their design
and synthesis technique to ensure high quality material and performance are growing more
mature day by day. Subsequently, the unresolved challenges that limit the performance for
some of the promising photocatalyst families - such as non-tunable wide band gap, large
overpotential for hydrogen evolution, rapid recombination of produced electron-hole pairs
and uncontrolled surface charge properties, to name a few, are discussed. Fundamental
concepts and useful insights of various approaches to address these shortcomings, such as
doping with different elements, forming heterojunction, noble metal deposition, surface
modification and electrolyte engineering etc. are also elucidated. With that in mind, the
works in this thesis aim to gradually develop photocatalytic corrosion resistant, visible light
absorbing, defect-free crystalline photocatalyst using Ill-nitride nanostructures, for
efficient and stable hydrogen generation from overall neutral pH water splitting under

concentrated irradiation.
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Chapter-3

Synthesis, Characterization and Performance
Evaluation of Group III-Nitride Nanostructures

3.1 Introduction

The most commonly used techniques for the growth/synthesis of Ill-nitride
nanostructures include direct reaction between gallium (Ga) or indium (In) metals with
NH3, chemical vapor deposition (CVD), molecular beam epitaxy (MBE), chemical beam
epitaxy (CBE), and hydride vapor phase epitaxy (HVPE). Significantly, MBE is being
widely used in industry nowadays to produce I1I-V electronic and photonic devices, as well
as the emerging low-dimensional semiconductors such as quantum dots (QDs) and
nanowires (NWs). MBE provides with some fundamental advantages in growing high-
quality Wurtzite IlI-nitride nanowire heterostructures which had been thoroughly used in
this study. The spontaneous formation of III-nitride nanowires is commonly realized under
nitrogen (N2) rich condition by MBE technique. The underlying reasons are, - the material
purity is significantly increased as the growth mechanism requires no foreign metal catalyst,
and the growth is performed under ultrahigh vacuum condition. Therefore, the MBE grown
materials can possess extremely high quality with drastically improved electrical and
optical properties, and atomically thin and abrupt interfaces can be achieved due to the low

growth rate.

Experimental characterization of material properties is of critical importance to
optimize the growth process and to realize high performance devices. For instance, to
evaluate the utility of a new material or a new structure, it is crucial to derive the intrinsic
material properties such as the morphology, optical bandgap, material composition,
crystalline quality, the free carrier concentration, and the electron drift mobility, etc.

Moreover, the material quality might vary from each growth as well as from position to
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position in the same sample, specially when highly complex and sophisticated systems
such as MBE are involved in the process. To provide with vital information about the
nanostructures for further optimization, numerous characterization techniques were
employed in this study, such as - scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD) analysis, X-ray photoelectron
spectroscopy (XPS), Photoluminescence (PL) and micro-Raman spectroscopy,
photocatalytic/photochemical and photoelectrochemical measurements for performance

evaluation, to name a few.

3.2 Molecular Beam Epitaxial Growth

Although the commercialized Ga(In)N planar structures are generally grown by metal
organic CVD (MOCVD) technique nowadays, it requires the use of large amount of
ammonia and high growth temperature. Consequently, it incorporates large dislocation
density and poorly controlled hetero-interface due to the thermal mismatch, which severely
limits the device performance. Moreover, realization of high-In content material is
extremely difficult due to high growth temperature. In contrast, ammonia-free plasma
assisted MBE can produce high quality In-rich narrow-bandgap materials due to its low
growth temperature. In addition, the MBE grown Mg-doped Ill-nitrides do not need
annealing to activate p-type conductivity, which had been extensively used in this study,
due to the much-reduced hydrogen incorporation during growth process. With the rapid
development of MBE technology, the growth on large-area wafer (up to 12 inch) has been
very mature. Most importantly, the throughput now is comparable to that by metal organic
CVD system, providing the distinct opportunity for the realization and large-scale

production of efficient and stable I1I-nitride nanostructured photocatalyst.

In this study, vertically aligned GaN/InGaN nanowire heterostructures were grown on
Si(111) substrate (nanowire tilt-angle: 80°-90° w.r.t the substrate) by a Veeco Gen Il MBE
system equipped with a radio frequency (RF) plasma-assisted nitrogen source. Figure 3-1
shows the simplified schematics of the MBE system which consists of three main vacuum

chambers including an intro-chamber, a buffer chamber, and a growth chamber. Thermal
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effusion cells were used for gallium (Ga), indium (In), aluminium (Al), germanium (Ge),
antimony (Sb) and magnesium (Mg). Ge and Mg were used as dopants for n-type and p-
type conductivity, respectively. Nitrogen radicals were supplied from the RF plasma
source. Additionally, the MBE system was equipped with a reflection high energy electron
diffraction (RHEED) system which facilitates the in-situ monitoring of surface properties

and the quality of nanostructures.

[MBE System, Veeco Gen lI|

Substrate Rotation

Mechanism e A
——

Growth Buffer
Chamber Chamber

RHEED Screen

Figure 3-1: Schematic diagram of a molecular beam epitaxy (MBE) system (Courtesy — Veeco,
Gen II), depicting the arrangements of the effusion cells and the substrate in the growth chamber.
The position of Intro- and Buffer-chamber for substrate preparation, and the filament for beam
flux monitoring (BFM) are also shown.

The primary challenges involved in the synthesis of nanowire photocatalysts are the
control of the wire uniformity, height, diameter, shape, density, and orientation/alignment,
while eliminating the stacking faults and other form of defects. In that regard, optimum
growth conditions, including the substrate temperature, III/V fluxes, and growth rate play
critical roles. The work in this dissertation focuses on developing efficient Ill-nitride
photocatalyst nanostructures on cheap and recyclable substrate (the surface of which can
be re-used for MBE growth), such as silicon. The orientation of the substrate also plays a
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key role in the nanowire alignment. The <111> growth direction of Si substrate is
commonly used in the growth of III-nitride nanowires rather than that the <001> direction,
due to the reduced surface energy of the exposed sidewall facet during growth.
Conventional mechanism for the growth/synthesis of semiconductor nanowires on
amorphous substrate involves the use of foreign metal catalysts. This in turn leads to the
incorporation of significant level of impurity, while providing little or no control on their
structural, electrical and optical properties. Alternatively, a foreign -catalyst-free
mechanism for nanowire synthesis can be employed by introducing a thin layer (one
monolayer ~ 0.6 nm) of Ga or In, which acts as a seeding layer for the nucleation of
nanowires. Consequently, Ga or In droplets are formed at elevated temperature, providing
controllable and uniform nuclei size, compared to the random nuclei sizes during the

spontaneous formation of nanowires.

Figure 3-2: Electron energy loss spectroscopy (EELS) image of the cross-section of a) p-type
and b) n-type GaN nanowires, doped with Mg and Ge, respectively. The nanowires are vertically
aligned on Si substrate. Scale bar, 300 nm. SEM images of ¢) GaSbN epilayer d) InGaN disc on
GaN nanowire (mushroom-like) structure, grown on Si substrate. Scale bar, 1 um and 300 nm,
respectively. SEM images of e) InGaN nanoparticles and f) GaN branched nanowires, grown on
the sidewalls of Si nanopillars. Scale bar, 300 nm.

In this study, the I1I-nitride nanostructures were grown under nitrogen rich conditions
without using any foreign catalyst. Figure 3-2 shows the morphology and typical

dimensions of the nanostructures grown either on planar Si substrates or on Si nanopillar
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templates fabricated by etching planar Si wafer. The Si (111) substrate was thoroughly
cleaned with acetone and methanol solvent to remove organic contaminants and
subsequently with 10% hydrofluoric acid (HF) to remove native oxide, prior to loading
into the MBE chamber. In situ oxide desorption was performed at ~780 °C before the
growth initiation until the formation of a clean Si (111) 7x7 reconstructed surface was
confirmed by reflection high-energy electron diffraction (RHEED). A thin (~ 1IML) Ga
seeding layer was in situ deposited, which promotes the nucleation of nanowires. The
growth parameters were optimized after several iterations for better crystalline quality and
photocatalytic performance in overall water splitting reaction. A nitrogen flow rate of 1.0
standard cubic centimeters per minute (sccm), and a forward plasma power of ~350 W
were used during the growth in general, unless mentioned otherwise. Other growth
parameters include Ga beam equivalent pressure (BEP) of ~6x10"® Torr and In BEP of ~
8x10® Torr. Mg BEP was varied from ~2x107!! Torr corresponding to Mg effusion cell
temperature (Tmg) of ~ 200 °C, to Mg BEP of ~5.5x10” Torr which corresponds to Mg
effusion cell temperature (7vg) of ~ 300 °C. Amount of nitrogen species and metal fluxes
in the growth environment were further optimized depending on the desired structure to
ensure essential nitrogen vapor pressure in the vicinity of the growth front, and to reduce
long-distance diffusion of indium atom along the growth axis. The growth temperature for
GaN template was ~ 780 °C, and the growth temperature for InGaN typically varied in the
range of 650 to 705 °C.

3.3 Structural Characterization

Structural properties of the III-nitride nanostructures can be analyzed using numerous
techniques. For example, the morphology (dimensions, i.e. height, thickness, diameter and
the areal density) of the MBE-grown nanostructures can be analyzed using field emission
scanning electron microscopy (SEM) images, as shown in Fig. 3-2. The as-grown samples
are assessed herein by using FEI Inspect F-50 FE-SEM equipment, operated at an
accelerating voltage of 5-10 KV and emission current of 5-10 pA. As the nanostructures
in this study are grown on Si substrate, the measurement requires no pre-treatment of the

sample due to the highly conductive nature of the silicon substrate. Structural properties at
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the atomic scale are assessed by non-destructive X-ray diffraction (XRD) measurement

and destructive transmission electron microscopy (TEM) analysis.

X-ray Diffraction (XRD): The scattering of X-rays from atoms produces a diffraction
pattern which contains the signature of material crystalline quality, characterized by the
long-range orderly periodic arrangements of atoms. Distance between parallel planes of
atoms can be extracted from the position of the diffraction peaks, whereas the intensity of
the diffraction peaks reveals the information about the atomic arrangement in the entire
crystal. For example, group III nitrides can be of three crystalline structures, such as the
wurtzite (Wz), zinc blende (ZB), and rock salt. Under ambient conditions. only the wurtzite

structure is thermodynamically stable for bulk III-nitrides.
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Figure 3-3: a) GaN wurtzite crystal structure [ 150] showing the arrangement of Ga and N atoms.
Unit cell of b) GaN and ¢) InN wurtzite crystal, showing the dimension along the c-axis and non-

polar m-plane. In is larger cation than Ga, and hence, the incorporation of In into Ga(In)N
increases the lattice size.

The wurtzite structure for GaN, as schematically shown in Fig. 3-3a, is composed of
two hexagonal close-packed (hep) sublattices, shifted with respect to each other along the

three-fold c-axis by the amount of u = 3/8 in fractional coordinates. The ideal hexagonal
unit cell has two lattice parameters a and ¢ in ratio § =,/8/3 = 1.633. However, the

ratios in III-nitrides differ significantly from the ideal condition (1.6010, 1.6259 and 1.6116
for AIN, GaN and InN, respectively), which in turn induces spontaneous polatization in
unstrained lattices. The incorporation of a larger indium (In) atom in binary GaN by

replacing a smaller gallium (Ga) atom will proportionally increase the size of the unit cell
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in ternary Ga(In)N alloy. The Ga(In)N nanowires are polar along the c-axis and non-polar
in the radial m-plane, where the parameter ¢ ranges from 5.181 A to 5.722 A, and the
parameter a varies from 3.179 A to 3.538 A (shown in Fig. 3-3b and Fig. 3-3c) for 0% to
full compositional range of In (100%). The diffraction peak from GaN nanowires grown
on Si substrate reveals the GaN (002) and GaN (004) peaks in the diffraction pattern, as
shown in Fig. 3-4a, which correspond to the lattice spacing of ¢ ~0.518 nm, thus confirming
the wurtzite structure of the nanowires. The peak position will shift to smaller detector
angle (20) as the size of the unit cell increases with In incorporation (InGaN), and to larger
angle as the size of the unit cell decreases with Al incorporation into GaN (AlGaN). For
X-ray diffraction (XRD) measurement in this study, Bruker D8 Advanced Diffractometer
with Cu Ka (radiation A= 1.5418 A) was used to record the XRD patterns.
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Figure 3-4: a) The prominent reflections of 002 and 004 in the XRD pattern for GaN nanowires
on Si substrate. Contributions from Si substrate are marked with ‘*’. b) HRTEM image of GaN
nanowire surface, showing the lattice fringes along the c-axis (growth direction).

Transmission Electron Microscopy (TEM): Transmission electron microscopy is based
on the electron beam transmission or scattering and transmission, which requires the
specimen to be sufficiently thin. The electrons scattered from the specimen is collected on
an image plane to form an image of the specimen, whereas the electrons scattered in the
same direction is collected on the diffraction plane to generate a diffraction pattern of the
specimen. To obtain better understanding of the sample structure, TEM is usually operated

in different modes. For example, in bright field (BF) TEM mode, thicker regions or regions
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with high atomic number, or the parts of the samples that diffract the electron will appear
darker and thin areas with small atomic number will appear brighter without diffracting the
beam. In high-resolution TEM (HRTEM) imaging, the electron beam can be focused to
nanometer size that allows the imaging of the crystallographic structure of a sample at an
atomic scale including individual atoms and crystalline defects. On the other hand, in
scanning transmission electron microscopy (STEM), the electron beam is focused on the
sample with spot size about nanometers while the beam scans the sample with spatial
resolution of about atomic distances. A high-resolution STEM-BF image of GaN nanowire
surface is shown in Fig. 3-4b, which revealed high crystallinity of the as-grown wurtzite
GaN nanowire grown along the c-axis. The distance between the adjacent GaN nanowire
lattice fringes is ~0.518 nm, which corresponds to the <0001> direction of GaN, with

lateral surface being the nonpolar m-plane [151].

The change in lattice fringes of Ga(In)N due to increase in unit cell size can also be
precisely measured using this imaging technique. For the layered heterostructures,
individual layers can be separately identified with their abrupt interfaces using an imaging
technique, called high angle annular dark field (HAADF) imaging, also known as Z-
contrast mode. The imaging is based on the scattering of electrons at high angle, which are
collected by a ring shaped annular dark-field detector. Therefore, this imaging is highly
sensitive to the atomic number (Z) of the elements, as the strength of interaction between
the incident electrons and the atoms in the specimen depends on the size and weight of the
atom (proportional to Z?). For example, atomic number (proton numbers) of the elements
involved in this study are N (7), Ga (31), In (49). Therefore, in contrast to BF mode, a
region with heavier indium atom (InN, InGaN) will appear brighter in HAADF/Z-contrast
mode compared to the region with only gallium (GaN). For STEM-SE, -BF and -HAADF
imaging, a Hitachi HD2700 Cs-corrected dedicated STEM was used with a cold field
emission emitter operated at 200 kV and with an electron beam diameter of ~ 0.1 nm (~0.2
nm in HR mode, and 0.1 nm in UHR mode). STEM energy dispersive X-ray scanning
(EDXS) analysis was performed using a 60 mm? silicon drift detector (SDD) from Bruker.
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3.4 Optical Characterization

Photoluminescence Spectroscopy: Photoluminescence (PL) spectroscopy and
Raman spectroscopy are two of the contactless, and non-destructive techniques for optical
characterization of the photocatalyst materials (bulk). PL spectroscopy is the analysis of
luminescence caused by absorption of photons (light) and then subsequent re-radiation of
photons. The spectra can reveal the fundamental electrical and optical properties of
materials, namely, the optical band gap, excitonic states, dopant incorporation, impurity
states and recombination mechanism etc. When a material is excited with above-bandgap
photons, the photogenerated electrons and holes thermally relax to the lowest energy states,
i.e. conduction band minima (CBM) and valence band maxima (VBM). The thermal
relaxation of the charge carriers through the emission of phonons is a faster non-radiative
process. Subsequently, the carriers (e/h") from the band-edges can recombine through the
emission of phonons (non-radiative) or photons (radiative) with energy equivalent to the
energy difference between the band-edges (i.e. bandgap). For example, GaN with bandgap
of ~3.4 eV will reveal an emission peak at 365 nm (~3.4 eV) in the photoluminescence
spectra (as shown in Fig. 2-2b). Herein, the p-PL measurement was typically performed
with either a 405 nm laser or a 325 nm He-Cd laser (Kimmon Koha) as excitation source
(unless mentioned otherwise). The laser beam was focused on the sample through a 60%
objective, with a circular beam size of around 5 pm. The emitted light was collected by the
same objective, and spectrally resolved by a high-resolution spectrometer (JY HR-550) and

detected by a CCD and a photon counting mode photomultiplier tube (PMT).

Micro-Raman Spectroscopy: Raman scattering is a very powerful tool for providing
reliable information about the crystalline quality, composition and strain of
semiconductors. The technique had been widely used on GaN and related compound
heterostructures to investigate their lattice, electronic and magnetic properties [152].
Among eight sets of phonon-normalmodes (2A; +2E; +2B; +2E») typically predicted in
GaN, one set of A; and E; modes are acoustic, while the remaining six modes (A +E;
+2B1 +2E») are optical (see Fig. 3-5a). Here, the A; and E; modes are both Raman and

infrared (IR) active, and the two B; modes are known as silent modes as they are neither
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Raman nor IR active. On the other hand, the two E> modes are only Raman active.
Therefore, typically predicted Raman-active optical modes from wurtzite GaN are
A1+E1+2E>. However, only two Ez phonon peaks (E2!, Eo2b) and one LO phonon peak,

A1(LO), can be well resolved from c-plane using the backscattering geometry with no

polarization.
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Figure 3-5: a) Atomic arrangement and their displacement (vibration) trajectories for different
modes in GaN. (b) Typical micro-Raman spectra of GaN nanowires (films) on Si (Sapphire)
substrate, highlighting the prominent modes. Raman modes of Sapphire substrate are also
presented as reference. Contributions from the substrates are marked with “*’.

In non-doped GaN nanowires, the presence of a longitudinal optical phonon-plasmon
coupled (LOPC) mode at 740 cm™ and a broad surface-optic mode (SO) at 700 cm™ was
revealed [153] under 488 nm (and 514 nm) excitation. In GaN epilayer, the LOPC mode
intensity and SO mode was suppressed due to reduced surface electrons (reduced surface
to volume ratio) which results in the decoupling of A;(LO) phonon mode at 736 cm™ (Fig.
3-5b). The A1(LO) mode can also get decoupled from LOPC in p-type GaN due to heavy
damping of hole-plasmons. Free standing GaN nanowires, in addition, showed strong and
narrow Ex'! peak at ~567 cm™! and typical E;* peak at ~142-144 cm™ under 514 nm (L)
excitation. However, both the E> modes of GaN nanowires become weaker (and broader)
under low energy excitation (L> ~785 nm) with no signature of the A1(LO) or LOPC modes

in the spectrum.

The micro-Raman measurements were carried out at room-temperature using an
external 514 nm argon ion laser (unless mentioned otherwise) through a 50 objective with
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numerical aperture ~0.9. The focused laser spot size was ~1 um and the estimated power
on the sample was ~7 mW. The Raman signal was detected by a CCD detector mounted
on the inVia confocal Raman spectrometer from Renishaw. In this dissertation, all Raman
spectra were taken in the backscattering geometry with the incident laser parallel to the
hexagonal c-axis ([0001] direction) of the nanostructures. The laser light was scattered
without polarization analysis (z(..)z direction) and dispersed with an 1800 I mm ™' grating.

The resolution of a given peak position under these conditions is on the order of 0.2 cm™.

3.5 Surface Charge Properties

X-ray photoelectron spectroscopy (XPS), also known as ESCA (Electron
Spectroscopy for Chemical Analysis), is another non-destructive technique for measuring
chemical composition, chemical bonds, as well as electronic states by analyzing the
surface/near-surface region of a given material. The XPS spectra typically reveal the
kinetic energy (with respect to a reference) and counts of the excited electrons while
probing the surface (1-10 nm) by an X-ray beam. In general, the vacuum energy level (Evac)
is used as a reference for analyzing the materials in gas-phase, whereas the Fermi energy
level (EF) is the reference for solid-phase materials. Therefore, the surface of the sample
and the substrate are universally grounded with the equipment (spectrometer) to set the
reference to zero (Er = 0 eV), as shown in Fig. 3-6a. Highly conductive samples can be
calibrated against the standard reference metals (Cu-2p32, Ag-3dsp, and Au-417,2 peaks)
mounted on the sample holder. However, for the non-conductive or poorly conductive
samples, the binding energy needs to be carefully calibrated against carbon C-1s peak

(284.8 €V) arising from the adsorption of aliphatic hydrocarbons from the atmosphere.

For the angle-resolved XPS (ARXPS) measurement, Thermo-Fisher Scientific K-
Alpha XPS system was used herein. The system was equipped with a monochromatic Al-
Ko X-ray source (hv = 1486.6 V) and 180° double focusing hemispherical analyzer. The
analysis chamber pressure was as low as 10® Torr. The non-polar surfaces of the
nanostructure arrays were excited with the X-ray source, located at 60° with the surface

normal. The Ers-Evs was estimated for each sample by measuring the ARXPS valence
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band spectrum, and the binding energies were calibrated with both Au 4f(84.0 eV) and C
1s (284.8 eV) peaks. XPS analysis is a very useful technique for qualitatively deriving
significant information about elemental compositions of nanostructure surfaces and the
chemical bonding between semiconductor (photocatalyst) and co-catalyst. Analyzing the
photocatalytic devices before and after the experiment can reveal the possible mechanism
of activity droop, whereas information about chemical bonding of co-catalysts can promote
understanding of the origin of catalytic activity. In addition, the presence of any particular
component or the co-catalyst materials on the photocatalyst surface can be confirmed along
with their chemical states. Fermi-level position on the surface relative to valence band
maximum (VBM) can also be derived by measuring the valence spectra. As shown in Fig.
3-6b, the position of surface valence band (Evs) with respect to the surface Fermi level
(EFs, binding energy=0 eV) can be estimated by measuring the intersection point between

the linear extrapolation of the valence band leading edge and the baseline.
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Figure 3-6: a) Schematic illustration of X-ray photoelectron spectroscopy (XPS), briefly
showing the operating principal. b) Angle-resolved XPS (ARXPS) valence spectrum measured
on GaN nanowires, depicting the position of surface valence band maximum (Eys) relative to
surface Fermi-level (Eps~ 0 eV).

3.6 Photoelectrochemical Characterization

Photo-electrochemical cell is a very powerful and efficient tool to characterize certain

properties of the photocatalytic material, such as the conductivity behavior, the junction
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properties of the photocatalysts, and the role of the co-catalysts etc. To analyze the
photoelectrochemical properties of the photocatalytic materials used in this thesis, the
electrodes were prepared using GaN/InGaN nanowire heterostructures grown on Si
substrate. In-Ga eutectic alloy metal was deposited on the backside of the Si substrate to
serve as an ohmic contact. The measurements were performed by using a 300 W Xenon
lamp as an irradiation source with an intensity ~100-160 mW c¢m™ on the sample surface.
The reactor chamber was made of quartz to ensure ample transmittance for both UV and
visible light. An electrochemical potentiostat was used for cyclic voltammetry (CV),
chronoamperometry (CA), chronopotentiometry (CP), open circuit potential (OCP), Mott-
Schottky measurement (MS) and electrochemical impedance spectroscopy (EIS) etc. The
impedance spectroscopy was performed to acquire the Mott-Schottky (M-S) plot in the
dark. A dominant photo-cathodic performance of the p-type photoelectrode can be derived
by the steep negative slope in the M-S plot, whereas the positive slope reveals the n-type

(photoanodic) behavior of the photocatalyst material.

The InGaN nanostructures were further characterized by open circuit potential (OCP)
measurement in 1 mol L' HBr using three-electrode electrochemical cell configuration.
The nanostructure arrays (on Si substrate) was used as the photoactive working electrode,
whereas a Pt wire, and a double-junction Ag/AgCl were used as counter electrode and
reference electrode, respectively. The dominant conductivity type of the material in the
electrolyte can be determined by the sign of OCP shift upon illumination. For p-type
material, the OCP shifts towards more positive potential with respect to Ag/AgCl upon
illumination whereas the negative potential difference (with respect to Ag/AgCl) between
light and dark under full arc illumination indicates n-type behavior of the nanostructures.
The typical parameters used for the characterization are as follows. A scan rate of 20 mV/s
was used for the linear sweep voltammetry (LSV) with step size ~10 mV and equilibrium
time ~5 s within 1 V to -1 V range. The OCP measurements were carried out with sample
period of ~1-2 s for 10 minutes, and the MS measurements were conducted using AC

voltage of ~10 mV (rms) with stepsize ~0.01 V at a frequency of 1-2 KHz.
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3.7 Photocatalytic Water Splitting: Performance Evaluation

The experimental configuration was composed of a reaction system and an evaluation
system. The wafer sample, fixed by a homemade PTFE holder was placed in a Pyrex
chamber containing appropriate solutions. Distilled water was purged with Ar for 20-30
mins before each experiment. After evacuating the chamber, the system was illuminated
using a 300 W Xenon lamp (Cermax, PE300BUV); adequate transmittance for both UV
and visible light was secured by placing a quartz lid in between the reaction chamber and
the lamp. The evolved gases were then evaluated by a gas chromatograph (GC, Shimadzu
GC-8A) equipped with a molecule sieve SA column and a thermal conducting detector
(TCD), and high purity Ar was used as carrier gas. A vacuum tight syringe was used for
sampling. Wavelength dependence of the photocatalytic activity and quantum efficiency
was systematically analyzed and measured by using appropriate high-pass and band-pass
filters. Experimental error in evolution of H2 and Oz was estimated to be ~10% due to slight
inconsistencies in manual sampling of the evolved gases and/or misalignment between the
light source and the sample during water splitting reaction and leakage through the septum.
As discussed in section 1.2.2, the half reaction for H> evolution was performed on the Rh-
nanoparticles decorated Ga(In)N nanostructures in aqueous CH30OH (20 vol.%) solution,

whereas AgNOs3 (0.1 M) was used as electron acceptor in the half reaction for O evolution.

Photodeposition of Co-catalyst Nanoparticles

The deposition of noble metals as HER co-catalysts on nanowire surfaces can typically
be achieved either through impregnation, adsorption, or photodeposition. Using
photodeposition method (reduction of metal cations in aqueous solution into metal
nanoparticles by photogenerated electrons), uniform or random distribution of noble-metal
nanoparticles can be achieved by readily available electrons (as shown in Fig. 3-7) on
axially symmetric nanowire surfaces. Moreover, this method also facilitates the selective
deposition of co-catalyst nanoparticles on electron or hole-enriched surfaces of the
photocatalysts, which will further be discussed in Chapter 5. In this dissertation, the

nanostructure arrays on Si substrate were primarily decorated with Rh/Cr,O3 core-shell
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nanoparticles as HER co-catalyst using a two-step photodeposition process from their
respective liquid precursors. In the first step, Rh nanoparticles were photodeposited from
0.5 M sodium hexachlororhodate (III) (Na3RhCls, Sigma-Aldrich) precursor in the
presence of 20% methanol in water. The reaction mechanism follows that of the typical
photo-reduction processes, as discussed in section 1.3.2 (for proton reduction), which
includes the adsorption of Rh®*" ion followed by its subsequent reduction to Rh® by
consuming photoexcited electrons available on the surface. However, in the presence of
aqueous CH3OH as hole scavenger, H> will also be generated simultaneously from the
available protons (H") in the solution due to the oxidation of CH3OH by the photogenerated
holes. And in this process, fraction of the electrons that participate in H" and Rh** reduction
can come from the decomposition of the intermediates during the oxidation of CH30H, the

details of which are described in section 4.2.2.

Figure 3-7: Uniform distribution of noble metal nanoparticles (Pt, Rh and Au) on the non-polar
surface of axially symmetric GaN nanowires. The nanoparticles were photo-deposited using
respective precursors, and the loading was not optimized for enhanced photocatalytic activity.
Scale bar, 50 nm.

In the second step, CrO3 was photodeposited from 0.5 M potassium chromate
(K2CrOs4, Sigma-Aldrich) precursor in the presence of 20% methanol in water, to form the
Rh/Cr203 core-shell structure and to prevent the back reaction. Rh nanoparticles act as
proton reduction co-catalysts by scavenging photoexcited electrons and enhanced charge
separation on the surface, and they do not take part in water oxidation independently. This
is supported by a more negative Fermi level of Rh (-4.9 eV) compared to the electron
affinity of InGaN (-3.95 eV) and demonstrated by the reduction in PL intensity on Rh-
decorated GaN nanowires. As discussed in section 2.4.2, further deposition of Cr203 shell
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on Rh nanoparticles prevents the back reaction on Rh nanoparticles (to form water by
combining hydrogen and oxygen) through the formation of a diffusion barrier which is
permeable to H" and Hx but not to O2[78]. Co3O4 nanoparticle, on the other hand, was used
as OER co-catalyst which was deposited by a photo-oxidation process under full arc
illumination from cobalt nitrate (Co(NO3)2, Sigma-Aldrich) precursor in 0.01 M potassium

iodate (KIO3, Sigma-Aldrich) aqueous solutions.

3.8 Conclusion

An overview of the growth/synthesis and properties of IlI-nitride nanostructures is
presented in this chapter while considering the building block - GaN and its ternary alloy,
Ga(In)N. The MBE growth of high quality, crystalline and non-tapered nanowire
heterostructures using an in situ deposited Ga or In seeding layer (prior to growth initiation)
are discussed. The realization of catalyst-free InGaN/GaN nanoscale heterostructures on
Si (111) substrate, along with their controllable properties, serve as the groundwork of the
thesis - towards the goal for an efficient and stable photocatalytic or photochemical water
splitting device. Different characterization techniques that have been used thoroughly in
the thesis to investigate the structural and optical properties of the as-grown nanostructures
are also described. Subsequently, the details of the experimental procedure for post-growth
sample preparation and water splitting reaction are discussed along with the performance

evaluation techniques.
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Chapter-4

Group III-Nitride Nanowire Heterostructures for
Efficient Photocatalytic Hydrogen Production

4.1 Introduction

Development of Ill-nitride photocatalyst in the form of vertically grown
nanowires/nanotubes/nanosheets with larger surface area is very critical for achieving high
efficiency solar water splitting. But the performance of photochemical water splitting over
these emerging nanostructured photocatalysts is often restrained by their surface electronic
properties, in addition to the energy bandgap and band-edge positions, which can lead to
imbalance in redox reactions, reduced efficiency, and poor stability. Preliminary studies on
the successful demonstration of overall water splitting using GaN [126] and InGaN [125]
nanowires exhibited substantially low efficiency, both under UV and visible irradiation,
respectively. To find out the underlying reasons, we have investigated herein the impact of

surface charge properties on the photocatalytic activity of GaN and InGaN nanowires.

Water oxidation, the rate-limiting step of overall neutral pH water splitting, is a four-
electron sluggish process and the efficiency of water splitting depends on effective rate of
water oxidation. Even though the carrier transport is no longer diffusion limited in the
lateral direction of a 1D nanowire heterostructure, the surface charge properties and the
built-in electric field (band-bending) plays vary crucial role in determining the redox
reaction rate. Therefore, it is significantly important to find out whether the band-bending
can be engineered to promote controllable and efficient overall water splitting. From first
principles calculation on the nonpolar m-plane of GaN [79], it was revealed that the
occupied surface states are positioned at ~ 0.7 eV below the CBM, which leads to Fermi
level pinning on n-type GaN surfaces. These occupied surface states are derived from the

Ga dangling bond. However, the occupied surface states, which are associated with the
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dangling bond of nitrogen (N), overlap with the valence band without creating any
individual levels within the bandgap. Therefore, in p-type GaN, Fermi-level pinning is not
predicted. This outcome of the study is very exciting, as it leads to the possibility of

engineering the surface charge properties through controlled dopant incorporation.

4.2 Photocatalytic Hydrogen Evolution using Visible Light Irradiation

MBE grown non-doped GaN/InGaN nanowires are weakly n-type, which, together
with surface depletion effect, creates a high degree of upward band-bending in near-surface
region and suppresses electron transfer to the adsorbates. The upward band-bending of the
nanostructures becomes more severe with n-type dopant incorporation (Si/Ge), and hence,
it provides no control over interfacial charge transfer at the semiconductor-electrolyte
interface for overall water splitting. On the contrary, downward band-bending in a weakly
p-type GaN/InGaN nanowires can be controllably reduced with additional p-type dopant
incorporation (Mg). Therefore, p-type doping of GaN/InGaN nanowires can provide
controllable tuning of band-bending and surface properties for enhanced photocatalytic

efficiency under optimum condition.

In this context, we have investigated the photocatalytic properties of InGaN nanowire
arrays under visible light irradiation and demonstrated hydrogen (H») evolution both from
half reaction with aqueous methanol (CH3OH) as sacrificial reagent, and from overall
neutral-pH water splitting with sunlight as the only energy input. It is observed that the
efficiency of H> generation, from both half reactions (HER) and overall water splitting
(OWS) reactions, depends critically on the p-type dopant (Mg) incorporation in InGaN
nanowires. By optimizing the surface charge properties of the nanostructures through
controlled p-type dopant (Mg) incorporation, photocatalytic activity of the III-Nitride
nanowire photocatalysts can be significantly enhanced by certain orders of magnitude [99,
126]. An apparent quantum efficiency of 17.1% and 12.3% was measured under visible
light irradiation (400 - 490 nm) from the HER and OWS reactions for InGaN nanowire

photocatalysts with an optimum Mg dopant incorporation, which is explained by the
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efficient electron and hole migration for balanced surface redox reactions, due to the

optimized surface band bending.

4.2.1 Growth and Properties of Multi-stacked GaN/InGaN NWs

In this work, multi-stacked GaN:Mg/InGaN:Mg nanowire photocatalyst were grown
on Si substrate without any external catalyst by plasma-assisted molecular beam epitaxy
(MBE). Results presented in this work are based on extensive studies on the growth and
characterization of Mg doped InGaN nanostructures, which includes careful optimizations
of the III/V flux ratio, doping concentration, growth temperature, and growth duration for
maintaining higher photocatalytic activity. After in situ oxide desorption at ~ 770 °C, a thin
(~ IML) Ga seeding layer was deposited to promote the nucleation of nanowires. InGaN
nanowire arrays were grown on top of a GaN nanowire template for controlled formation

of InGaN nanowires to achieve superior structural and optical properties [154].
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Figure 4-1: a) Schematic of Mg-doped In¢23Gao77N/GaN (active/capping layer) nanowire
structures grown on GaN nanowire template. b) A 45° tilted SEM image of Ing23Gao77N/GaN
nanowires grown on Si (111) substrate. Scale bar, lum. ¢) Room temperature micro-
photoluminescence spectrum of as grown nanowires, depicting an emission peak at 490nm.

As shown in the schematic of Fig. 4-1a, several segments of InGaN ternary nanowires,
capped with a thin GaN layer were incorporated to minimize the formation of misfit
dislocations [155]. Other growth parameters include a nitrogen flow rate of 1.0 standard
cubic centimeters per minute (sccm), a forward plasma power of ~350 W, Ga beam
equivalent pressure (BEP) of ~6x10® Torr, and In BEP of ~ 8x10°® Torr. The Mg effusion
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cell temperature (7mg) was varied and optimized to be ~ 200 °C for InGaN nanowire
photocatalyst, which corresponds to a Mg BEP of ~2x10™!! Torr. Shown in Fig. 4-1b, the
nanowires are vertically aligned along the growth direction (c-axis) on the Si substrate,
with the areal density in the range of ~1.5 x 10'° cm 2, average height ~ 400-600 nm, and
lateral dimensions of ~ 40-80 nm. The photoluminescence (PL) spectrum measured at
room-temperature is shown in Fig. 4-1c, with a single band-to-band optical emission peak
at ~490 nm, corresponding to a bandgap of 2.53 eV and an average of ~23% indium
incorporation. The broad emission peak suggests intra- and inter-nanowire indium

fluctuations.

4.2.2 Hydrogen Evolution from Aqueous Methanol Solution

It is important to realize that the conduction band edge of InGaN descends to lower
energy faster compared to the valence band edge with increasing In incorporation (bandgap
reduction, as shown in Fig. 1-5). Therefore, the photocatalytic performance for H>
evolution reaction of Ing23Gag77N/GaN nanowires was first studied to evaluate if they
possess sufficient proton reduction over-potential. The experiments were performed using
aqueous methanol (CH3OH) solution. CH30H, an organic sacrificial reagent and a
frequently used electron (e’) donor, reacts in an irreversible manner with the
photogenerated valence band holes (h"), enhancing the separation efficiency of
photogenerated e/h” pair and hence reducing the surface recombination. In addition,
particulate co-catalysts are often incorporated to promote Hz evolution, which also function
as charge carrier extraction centers to minimize bulk recombination of photogenerated e

/h* pairs [138].

In this study, Rhodium (Rh), a noble metal with a relatively large work function (~
4.98 eV) were loaded on Ino23Gao77N/GaN nanowires as co-catalysts (schematically
shown in Fig. 4-2a) by photodeposition from the liquid precursor (NazRhCls) [99, 125,
126]. Subsequently, H> evolution reaction using aqueous CH3OH solution was performed
under 300W Xenon lamp irradiation with different long-pass filters. Water (H20) to

methanol volume ratios of ~ 5:1 was maintained to ensure direct oxidation of methanol
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rather than the indirect oxidation of interfacially formed “OH radicals [156]. A simplistic
illustration of the reaction mechanism is depicted in Fig. 4-2b, showing irreversible
oxidation of CH3OH by photogenerated holes from the valence band of Ino23Gao77N
segment [ 157]. In an oxygen (O») free environment, the intermediate compound eventually
injects e into the conduction band of the semiconductor, leading to the formation of
formaldehyde (HCHO) as a stable product which could further be oxidized to methanoic
acid (HCOOH) and subsequently to CO> along with H> generation [27, 157, 158]. Rh

nanoparticles on the nanowire surfaces, behave as an electron sink and reduce H' to Ha.
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Figure 4-2: a) Schematic of Rh co-catalyst nanoparticles decorated Ing23Gao77N/GaN
nanowires on Si substrate. b) Simplified schematic of photocatalytic H, evolution process from
methanol solution (aq.) on co-catalyst loaded Ino.23Gag.77N nanowire segment, illustrating the
oxidation step of CH3OH, followed by HCHO formation through electron injection (current
doubling) into the conduction band of InGaN, bulk recombination and reduction of H* into H..
¢) Photocatalytic H, evolution rate measured from wafer level nanowire sample (area ~ 3 cm?)
in the presence of CH3OH as a sacrificial reagent under with AM1.5G filter and with various
long-pass filters, clearly demonstrating activity under visible light (>400nm) irradiation. d)
Relative AQE for Rh co-catalyst deposition under full arc and corresponding overall water
splitting reaction under visible light (>400 nm) with different Mg-doped Ino26Gag.74N/GaN
nanowire arrays with the incorporation of 3-segments of InGaN.
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Figure 4-2c¢ depicts the average H> evolution rate derived from ~ 6h of photocatalytic
reaction for Ino23Gag77N nanowires with an optimum Mg doping level (7Tmg = 200 °C),
under illumination by a 300W Xenon lamp, with AM1.5G filter and with various long-pass
filters. The measurements were performed on samples of areal sizes ~3.0 cm?. Steady
evolution of H> was clearly observed using aqueous CH30OH solution and under different
illumination condition. The decreased H» evolution rate with increasing wavelength can be
correlated to the reduced incident light intensity and reduced photon absorption. The direct
measurement of H» evolution under visible light illumination provides unambiguous
evidence that Ino.23Gao.77N nanowire photocatalysts, with an energy bandgap of ~2.53 eV,

possess the capacity for proton reduction.

4.2.3 Tuning the Surface Charge Properties of InGaN Nanowires

In this study, it is also observed that the photocatalytic activity for H, generation
depends critically on the Mg dopant incorporation. We performed extensive studies on the
photocatalytic activities of InGaN nanowire photocatalysts with various levels of Mg
dopant incorporation by changing the effusion cell temperature of Mg (7wmg) from 190 to
300 °C with corresponding BEP of ~1.0 x 107! to ~7.3 x 10™° Torr. Shown in Fig. 3d is
the relative apparent quantum efficiencies (AQE) measured for (blue dotted line) Rh co-
catalyst depositions from its precursor (NasRhCle:2H>0 and aqueous CH30OH solution).
The AQE was estimated as a ratio of the total number of reacted electrons (two electrons
per molecule of H) to incident photons. It is seen that the maximum photocatalytic activity
occurs for Mg effusion cell temperature of 200 °C. The significant variations in
photocatalytic performances with Mg dopant incorporation (variations in Mg cell
temperatures) are attributed to the tuning of the near surface band-bending by altering the

surface Fermi-level (Ers) position, relative to the surface valence band edge (Evs).

At low Mg cell temperature, the nanowire surface is barely doped (almost intrinsic)
compared to the bulk (p-type), due to the surface desorption of Mg atoms, which creates a
large downward band-bending towards the surface, shown in Figure 4-3a. This band-
bending is further subject to change when the nanowires are in equilibrium with solution

and under photo-excitation. The downward band bending may accelerate proton reduction
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at the nanowire surface, but it elevates the barrier for hole-diffusion and impedes the hole
transport towards the nanowire-liquid interface (schematically shown in Fig. 4-3a). With
increasing Mg incorporation (higher Tyg), the surface of InGaN nanowires can be
transformed to be p-type, due to the dopant segregation effect. This leads to a significant
reduction of the downward band bending in the near-surface region. Consequently, the
transport of both photogenerated electrons and holes to the surfaces can be maximized by
optimizing Mg doping level (7mg ~ 200 °C in this experiment). Water oxidation, the
primary and limiting step for overall water splitting, is enhanced due to accelerated hole
transport (as shown in Fig. 4-3b). This results in more balanced redox reaction for water
splitting, which in turn, enhances the photocatalytic efficiency and stability of the

nanowires and enhances the efficiency.
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Figure 4-3: a) Severe downward band bending at the surface which hinders hole transport
towards the nanowire-electrolyte interface, and b) Reduced downward band bending with
optimum Mg dopant incorporation to enhance hole transport for water oxidation.

It is also observed that the photocatalytic performance of the nanowires decreases at
high doping level due to the degradation of nanowire crystalline quality and the resulting
enhanced nonradiative recombination. Besides, at high Mg concentration, nitrogen
vacancy related defects increase. These defects function as n-type dopants and compensate
Mg doping (p-type). Detailed studies of the near-surface band structure properties and their
correlation with p-type dopant incorporation can be found elsewhere. The relative AQE of
overall water splitting from Rh/Cr.O; co-catalyst decorated Mg-doped Ino26Gao. 74N

nanowires is also shown in Fig. 4-2d (red solid line) for comparison. Cr2O3-shell on Rh co-
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catalyst was photodeposited to hinder the back reaction that forms water in the presence of
0. It is seen that variations of the quantum efficiency with respect to the Mg dopant
incorporation is in exact agreement with that measured from half reaction, further
confirming the significant role of surface band bending on the charge carrier extraction and

surface redox reactions.
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Figure 4-4: Repeated cycles of photocatalytic H, evolution from a) aqueous methanol solution
using Mg-doped InGaN/GaN nanowire arrays under visible light excitation (>400nm). b) SEM
image of the corresponding nanowires after ~6h of photocatalytic reaction shown in a), which
clearly demonstrates the stability of nanowire photocatalysts and Rh co-catalysts. Scale bar, 1um.

4.2.4 Performance Evaluation in Aqueous Methanol Solution

We have further performed repeated experiments on the same sample, in both the half
reaction and overall water splitting reaction to study the stability of Mg-doped
Ino23Gap.77N/GaN nanowires in photocatalytic reaction. Shown in Fig. 4-4a are the
repeated cycles of Hz evolution measurement in the half reaction under visible excitation
(> 400 nm). Under full arc illumination with AM1.5G filter (~26 suns), the photocatalytic
activity of Mg-doped InGaN/GaN nanowire catalysts in aqueous CH30OH solution provided
H; evolution rate ~ 2292 pmol h!, and the AQE was estimated to be ~24% for an incident
intensity of ~544.5 mW cm in the wavelength range of 200-490 nm. The H» evolution
rate under visible light irradiation (400-490 nm) was measured ~ 1177 pmol h! with an
estimated AQE of ~17.1%. No degradation or obvious etching was observed, further
confirming the stability of defect-free Ill-nitride nanowire photocatalysts in harsh

photocatalysis conditions. Compared to other III-V semiconductors, the strong ionic
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bonding of IlI-nitrides, due to the significant difference in electro-negativity between group
IIT and N elements [87, 159-162], suppresses the formation of surface states within the
fundamental energy gap [163, 164]. Moreover, the balanced surface redox reactions, due
to the optimized surface electronic properties with controlled Mg dopant incorporation,
also contribute to the enhanced stability [99, 165-167]. The SEM image of the nanowires

after ~ 6 hours of photocatalytic reaction is shown in Fig. 4-4b.

4.3 Harnessing UV Photons with GaN Nanowires for Water Splitting
Meanwhile, we have also explored the effect of Mg-doping on the GaN nanowires to
enhance the UV photon harnessing for water splitting, and as expected, with optimized
doping - significant enhancement in overall water splitting has been realized successfully
on the GaN nanowires photodeposited with Rh(core)/Cr203 (shell) nanostructures. On the
co-catalyst decorated GaN nanowires, the H> evolution was promoted by the noble metal
(Rh) core as shown in Fig. 4-5a, while the backward reaction over the noble metal was
prevented by the Cr20O;3 shell. Without a Cr2O3 shell (as in HER reaction described in
section 4.2.2) to cover the Rh nanoparticle core, pure water splitting activity was degraded.
The reason can be attributed to the fact that noble metals such as Rh and Pt, usually act to

promote the back reaction to form water from the oxygen and proton evolved.

s 60
a) q’z&?‘:% b) —7f v T T T 2:0
& %ﬁf“ e: 20, 50F 0?
IH, - 1.5
"\w N 45+ a0t
4H*e” )

)
e ° O_anrzoa 30F 4.6 pmol GaN

core/shell

° o‘; co-catalyst C 20
4H*+ 0, 0, + 4’ 10
0= 2H,0 0

P
H,(mmol/hr)

0.0

0 180 210 240 270 300
Mg Cell Temperature (°C)

Figure 4-5: a) Schematic of Rh/Cr,O; core-shell co-catalyst nanoparticles decorated single p-
type GaN nanowire, illustrating the mechanism of overall pure water splitting. b) Internal
quantum efficiency (IQE) and corresponding hydrogen evolution from GaN samples, doped at
different Mg effusion cell temperature [99]. The inset shows the relative size of sample substrate.
The area exposed to irradiation for redox reaction was ~ 2.8 cm?.
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For subsequent experiments, a wafer sample of ~2.8 cm?

area, corresponding to
~0.387 mg (~4.62 umol) GaN materials, was used for overall neutral pH water splitting
under concentrated full arc. Figure 4-5b shows the H» evolution rates evaluated from 6-hrs
of overall water splitting reaction on each sample for different GaN:Mg nanowire
photocatalyst. Significantly enhanced hydrogen evolution of nearly 4.0 mol h''g!, was
measured for sample with Twg = 265 °C, which is more than two orders of magnitude
higher, compared to the nominally undoped GaN nanowires. For optimum Mg-doping
concentration, the apparent quantum efficiency (AQE) can reach ~18% for the
corresponding internal quantum efficiency (IQE) of ~51% under ~200-365 nm wavelength,
the highest value reported for spontaneous overall water splitting under any broadband UV
light irradiation to our knowledge. The optimum Mg doping for InGaN happens at
relatively lower Mg-effusion cell temperature (~200 °C, as shown in Fig. 4-2d), compared

to that in GaN nanowire samples. This can be attributed to the lower ionization energy of

Mg in InGaN than that in GaN.

4.4 Double-band GaN/InGaN Nanowires for Enhanced Efficiency

Subsequently, we have studied the overall water splitting reaction of Mg-doped
InGaN/GaN nanowire photocatalyst. A dual-bandgap p-Ino20Gao.soN/p-GaN nanowire
photocatalyst structure was developed, by separately optimizing the doping condition for
both InGaN and GaN segments. This approach was adopted to ensure better matching and
utilization of the solar spectrum, and to minimize the energy loss due to thermal relaxation
of high energy charge carriers. The application of GaN as a photocatalyst is limited due to
its low absorption threshold (wavelengths < 365 nm), i.e. large bandgap (E; ~ 3.4 eV). To
ensure efficient utilization of visible photons in solar spectrum, low-bandgap InGaN
segments (visible-band) were incorporated into GaN nanowire. Indium composition within
InGaN segments had been tuned to ensure sufficient overpotentials for both water
oxidation and proton reduction reaction, while extending the absorption threshold to
harness more visible photons from solar spectrum. In other words, the bandgap of InGaN
is tuned to be narrow enough (Eg ~2.61 eV, x~20%) to drive both the redox half-reactions

forward. Five Ino20GaogoN segments (~45-60 nm each) were incorporated in the visible-
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band, each capped by a thin (~10 nm) GaN layer (Fig. 4-1a) in order to prevent In
desorption along the axial direction and phase separation in the vicinity of growth front
[155, 168]. Subsequently, a Mg-doped p-GaN layer (UV-band) was incorporated on top of
the nanowire. GaN and InGaN bands were individually tuned to have optimum Mg doping

[169] and band-bending at the non-polar lateral surfaces.

Dual-band nanowire
photocatalyst

Figure 4-6: Schematic illustration of wafer-level unassisted overall water splitting on double-band
nanowire arrays [169], which are vertically aligned on a planar substrate and decorated with co-
catalysts for hydrogen evolution reaction (HER). Unlike tandem PEC cells or photovoltaic (PV)
devices [170-173] this approach does not require any carrier recombination/transfer or current
matching between the layers along vertical direction. Both water oxidation and proton reduction
reaction occur on the radial non-polar surfaces of each layer.

Theoretically, stacking a higher bandgap material on top should neither increase nor
decrease the photon conversion efficiency (calculated using absorption threshold). The
bands in the heterostructure are electrochemically connected in parallel, but optically
connected in series. For example, a single InGaN layer (Eg ~2.61 eV) will absorb the
photons within wavelength 200-475 nm (E > 2.61 eV) to produce photo-generated carriers;
whereas, stacking a GaN layer (reasonably shorter in length) on top will distribute the
photon absorption as such — photons with energy, E > 3.4 eV (200-365 nm) will be
absorbed by GaN and photons with energy, 2.61 eV <E <3.4 eV (365-475 nm) will be
absorbed by bottom InGaN layer, along with transmitted UV photons that were not
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absorbed by top GaN layer, consequently generating same number of photo-induced
carriers. However, from thermodynamics and kinetics point of view, the top GaN layer
enhances solar-to-hydrogen (STH) efficiency by accelerating the water splitting (W-S)
reaction rate. This is because, a photon with an energy E > 3.4 eV can produce one electron-
hole pair, both in GaN (Eg ~3.4 eV) and Ino20Gao.soN (Eg ~2.61 eV). Owing to carrier
relaxation towards the band-edges, additional photon-energy in InGaN will be lost as
thermal energy. By incorporating a large-bandgap layer (GaN) on top, that excess energy
can be utilized to contribute as added over-potential for carriers, simultaneously for both
water oxidation and proton reduction, without sacrificing the carrier generation efficiency.
For a lossy photocatalytic or photochemical system, larger over-potential plays crucial role
in increasing interfacial charge transfer efficiency for enhanced photochemical activity
(under unassisted/zero-bias condition). Therefore, increasing interfacial charge transfer
rate will further accelerate redox reaction, eventually enhancing the solar-to-hydrogen

conversion efficiency in photocatalytic/photochemical water splitting.
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Figure 4-7: a) Repeated cycles of photocatalytic H, evolution from overall neutral water splitting
reaction, using Mg-doped InGaN/GaN nanowire arrays under visible light excitation (>400nm).
b) Estimated apparent quantum efficiency (AQE) of overall water splitting (red bar) and
photocatalytic H, evolution from aqueous methanol solution (Half-reaction, green bar).

Figure 4-7a depicts the stoichiometric H> and Oz evolution from repeated cycles of
overall water splitting under visible light illumination; and the evolution rate was measured
as ~ 684 umol h™! H, and ~ 332 pmol h! Oy, resulting in an AQE ~12.3% for an incident
intensity of ~280.9 mW cm in the visible wavelength range (400-475 nm). However, the
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AQE increases up to ~20% under full arc irradiation using AM1.5G filter with an incident
intensity of ~488 mW cm in the wavelength range of 200-475 nm. Variations of the AQE
for different long-pass filters are also shown in Fig. 4-7b. The decrease of efficiency with
increasing wavelength is directly related to the reduced light absorption and carrier

trapping effect.

4.5 Conclusions

In summary, we have investigated the photocatalytic performance of InGaN nanowire
structures for Hz evolution from both aqueous methanol solution and overall neutral pH
water splitting under visible light excitation. It is observed that the efficiency for H»
evolution, in both half reaction and overall water splitting reaction, depends critically on
Mg-dopant incorporation, which is explained by variations of the surface electronic
properties and the resulting impact on the charge carrier (electron/hole) migration to the
nanowire surfaces. Under optimum condition, this, therefore, can simultaneously drive the
water oxidation and the proton reduction reactions forward while minimizing defects in the
nanostructures. By optimizing Mg-doping levels, we have demonstrated an apparent
quantum efficiency of 17.1% and 12.3% for the half reaction and overall water splitting in
the visible spectral range (> 400 nm), respectively. Further improvement in the energy
conversion efficiency can be achieved by extending the absorption spectrum of InGaN

nanowire structures with enhanced indium incorporation.
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Chapter-5

A Photochemical Diode Artificial Photosynthesis
System for Unassisted High Efficiency Overall
Pure Water Splitting

5.1 Introduction

To achieve unassisted overall water splitting using the single-absorber photocatalytic
process, the conduction and valence band edges of the photocatalyst must straddle the
proton reduction and water oxidation (redox) potentials, respectively, while possessing a
sufficiently narrow bandgap to absorb a large part of the solar spectrum. Due to such
stringent requirements, there are very few photocatalysts that can perform unassisted,
overall water splitting reaction under visible light irradiation. Consequently, to date, the
search of highly efficient photocatalyst has been focused primarily on energy-band
engineering methods. The primary goal of the approach is to achieve photocatalyst
materials which posses sufficiently narrow bandgap with suitable band-edge potentials for
overall water splitting and are capable of harnessing as much of the longer-wavelength
visible photons as possible. However, in addition to that, there are certain aspects that often
play very crucial roles in determining the photophysical and photocatalytic properties of
the materials, namely the morphology, the surface and crystal structures, and carrier
dynamics etc. One-dimensional (1D) nanostructures, due to their extremely large surface-
to-volume ratio lead to significantly enhanced light absorption and photochemical
reactions. Although most of the conventional photocatalysts are in the powder form, 1D
structures such as nanowires, nanobelts and nanotubes are highly preferable as described

in Chapter 1 and Chapter 2.

In Chapter 4, we have demonstrated the wafer-level approach of water splitting using

GaN and InGaN nanowire structures grown by Plasma Assisted Molecular Beam Epitaxy
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(PA-MBE). Dual-band GaN/InGaN nanowire photocatalyst, with significantly enhanced
efficiency has also been developed by minimizing the potential barrier at the nanowire
surface through precise tuning of the surface Fermi-level via Mg dopant incorporation. The
dual-band InGaN/GaN nanowire structure shows energy conversion efficiency (ECE) of
~7.5% and apparent quantum efficiency (AQE) of ~20% with AM1.5 filter (in the
wavelength range of 200-475 nm) under concentrated illumination intensity equivalent to
~26 Suns, which results in solar to hydrogen (STH) conversion efficiency of ~1.5%. This
efficiency is, although higher compared to that of other recently reported values for one-
step overall water splitting and comparable to that of the wireless water splitting cell
comprised of integrated photovoltaic cells, not however, up to the fullest potential yet. This
is because, for such semiconductor-based photocatalysts, efficient separation of photo-
generated charge carriers (electrons and holes) towards the appropriate catalytic sites has
remained challenging, particularly for photocatalytic water splitting wherein no external
bias is applied. While numerous efforts have been undertaken to address the critical issue
of efficient charge separation through surface and interface engineering and the selective
loading of co-catalysts to create spatially separated redox reaction sites [29, 71, 140, 174-
177], it has remained elusive to achieve a precise control of charge carrier flow within the
bulk and to steer photo-excited electrons and holes to their reduction and oxidation sites,
respectively. To date, the best reported solar-to-hydrogen (STH) conversion efficiency for
pH neutral photocatalytic water splitting is limited to ~1-1.5%, or less, compared to the 10-

16% reported for PEC devices [58, 97, 113, 116, 178-182] in conductive electrolytes.

In this context, we propose and demonstrate multi-band InGaN nanosheet
photochemical diode (PCD) structures, which can spontaneously induce charge carrier
separation and steer charge carriers toward the distinct redox sites for water oxidation and
proton reduction. During the synthesis of InGaN photochemical diode nanosheet structure,
p-type dopant (Mg) concentrations are rationally tailored, which induces a large built-in
electric field between the two parallel surfaces. Consequently, the two surfaces are
enriched with photo-generated holes and electrons to perform water oxidation and proton

reduction reactions, respectively. In addition to the efficient charge carrier separation and
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extraction, the spatial separation of catalytic sites in such a nanoscale photochemical diode
effectively reduces carrier recombination and back reaction. Subsequently, we demonstrate
herein a double-band InGaN nanosheet device, which exhibits a solar-to-hydrogen
conversion efficiency of ~3.3% for pH neutral overall water splitting. The capacity to
achieve controllable charge carrier separation at the nanoscale will also be instrumental to
break the efficiency bottleneck for artificial photosynthesis, including reduction of CO> to

hydrocarbon fuels.

5.2 Charge-carrier Separation: Conventions and Challenges

The photochemical diode offers the advantages of enhanced charge carrier separation
within the photon absorber(s) due to built-in electric field and can efficiently steer them
towards distinct catalytic surfaces for redox-half reactions [183]. Schematic depiction of a
conventional Schottky-type photochemical diode in Fig. 5-la shows that the n-type
semiconductor performs as a single bandgap absorber, and the photo-generated carriers
(holes and electrons) are separated due to built-in electric field, migrates towards
semiconductor-electrolyte interface and metal-electrolyte interface for water oxidation and
proton reduction reaction, respectively. Schematic of a conventional p-n photochemical
diode energy levels for overall water splitting are presented in Fig. 5-1b. The p-n
photochemical diode is a minority carrier device, i.e. the minority holes in n-type (photo-
anode) and electrons in p-type (photo-cathode) migrates towards semiconductor/electrolyte
interface and participates in water oxidation and proton reduction reaction, respectively.
Majority carriers, on the other hand, recombine in the ohmic contact. With appropriate
band-bending at the semiconductor-electrolyte interfaces, conventional p-n photochemical
diode offers the advantage of efficient charge carrier separation and the use of single
semiconductor with narrow-bandgap or with complementary bandgaps for simultaneous
extended absorption of UV and visible light. However, it requires eight photons to produce
four active electron-hole pairs due to majority carrier recombination, and hence, for a
particular threshold absorption wavelength the maximum efficiency for solar energy
conversion gets reduced to half compared to that for a single-absorber approach of overall

water splitting [21, 58, 184]. Besides, for semiconductors with complementary bandgaps,
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matching in threshold and equal photon absorption wavelength is required for balanced
redox reaction in order to prevent back reaction and corrosion [15, 21, 185]. Realization of
nanoscale ohmic contact at the lateral (p/n) interfaces of vertically aligned photochemical
diode is critically difficult, therefore making it suitable only for planar devices.
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Figure 5-1: a) Schematic illustration of a Schottky-type) photochemical diode for overall water
splitting, where a single-bandgap n-type semiconductor absorber forms a metal-semiconductor
junction via an ohmic contact. Water oxidation occurs on the semiconductor surface and proton
reduction occurs on the surface of metal electrode. b) Energy-level representation of p-n
photochemical diode and redox potentials for overall water splitting, where two semiconductor
absorber layers (p-/n-type, assuming identical bandgap) are connected via an ohmic contact as a
recombination layer for majority carriers. c) Schematic of a p-n junction for overall water splitting.
In this majority carrier-device, electrons and holes in the space charge region (SCR) are drifted in
opposite direction by the built-in electric field.

On the other hand, through junction engineering, it is typically hard to ensure enough
over-potentials and appropriate band-bending for both oxidation and reduction reactions in
overall photocatalytic water splitting (Fig. 5-1¢). The p-n junction is an effective approach
to individually engineer either oxidation or reduction reaction forward at the nanoscale
[130-133]. However, for overall unassisted photocatalytic water splitting, it offers band-
bending at the semiconductor-electrolyte interface that hinders the migration of the
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appropriate carriers (both electrons and holes) to participate in respective redox half-
reactions, resulting in reduced efficiency. To a great extent, both approaches offer internal
electric field as a driving force for unidirectional electron and hole transfer only at the near-
surface region and near the space-charge region (SCR) at the interface. Moreover,
interfaces (junctions) need to be carefully optimized in order to improve the photocatalytic
performance, by tailoring the interfacial parameters, namely, compositions, interfacial
area, defects, electronic coupling between surfaces, and the distance from the interface to
the active redox sites [97], thus making the implementation more challenging. If the
distance from the interface to the surface is large (thick semiconductor layers), potential
difference is required to govern the charge transfer from the semiconductor interface to the
bulk or from within the bulk to the reactive surfaces, thus limiting its performance in zero-

bias overall water splitting.

5.3 A One-photon InGaN Photochemical Diode Nanostructure

As schematically shown in Fig. 4-6 (section 4.4), for the typical overall neutral pH
water splitting on multi-band (GaN/InGaN) nanowire photocatalysts, the redox sites (and
co-catalysts) are randomly distributed on the surfaces. In contrast, during the synthesis of
InGaN photochemical diode nanosheet structure, p-type dopant (Mg) concentrations are
rationally tailored, which leads to a large work function difference (up to 300 meV)
between the two parallel surfaces. The resulting p-p* nanoscale lateral junction,
schematically illustrated in Fig. 5-2a, induces unidirectional flow of photo-generated
charge carriers, i.e. electrons and holes migrate toward the surfaces with a relatively small
and large work function (®req and Dox), respectively. As shown in Fig. 4-6, the energy
bandgap of the nanosheet structures can be further varied along the vertical direction, i.e.
the photon absorption path. The resulting multi-band photocatalysts promise photocatalytic
solar water splitting with the highest efficiency possible [15, 21].

5.3.1 Synthesis and Properties of InGaN Photochemical Diode

Figure 5-2a schematically illustrates the energy bands of the proposed InGaN

nanosheet structures, which are grown directly on Si substrate using plasma-assisted
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molecular beam epitaxy. During the epitaxy process, p-type dopants (Mg) are impingent
primarily on one side of the nanosheet structure. The resulting Mg-doping gradient along
the lateral dimension of the nanosheet establishes a strong built-in electric field,
schematically shown in Fig. 5-2a, which separates the photo-generated electrons and holes,
and drives them towards opposite surfaces, thus reducing the probability of recombination.
Figure 5-2b shows the typical bird’s-eye-view SEM images of InGaN nanostructures,

which are comprised of axially asymmetric nanosheets with parallel non-polar surfaces.

Figure 5-2: a) Energy-band representation of the proposed photochemical diode (PCD) with
radial thickness ‘d’, showing built-in electric field (band-bending) that separates the charge
carriers (electron and hole) and drives towards opposite cathode and anode surfaces. In contrast
to conventional p-n PCD, only single photon absorption is required to generate one active
electron-hole pair to participate in redox reaction (like Schottky-type photochemical diode). b) A
45° tilted SEM image of InGaN:Mg PCD nanostructures, vertically aligned on Si substrate. The
magnified image of the nanosheets is also presented in the inset for clarity.

To facilitate the formation of Mg-doping gradient in the lateral direction and to
counteract the spinodal decomposition of In-N in the surface, the substrate was kept steady
during the growth of the photochemical diode. Amount of nitrogen species and metal fluxes
in the growth environment were further optimized to ensure essential nitrogen vapor
pressure in the vicinity of the growth front, and to reduce long-distance diffusion of indium
atom along the growth axis. Mg-doping gradient (due to the surface dependent
incorporation) can also be influenced by the super-saturation for Ga- or N-rich condition
at the localized level. Instead of multi-stack InGaN:Mg/GaN:Mg layers (as discussed in

Chapter 4), a continuous InGaN:Mg layer was grown spontaneously on top of GaN:Ge
100



nanowire. A nitrogen flow rate of 1.0 standard cubic centimeters per minute (sccm), and a
forward plasma power of ~350 W were used during the growth. Other growth parameters
include Ga beam equivalent pressure (BEP) of ~6x10°® Torr, In BEP of ~ 7.8x10® Torr,
Mg BEP of ~2x107!! Torr corresponding to Mg effusion cell temperature (7wg) of ~ 200
°C, and Mg BEP of ~1.5x10" Torr which corresponds to Mg effusion cell temperature
(Tmg) of ~270 °C. The GaN template was grown at ~ 780 °C, and the growth temperatures
for InGaN were varied from 650 to 705 °C.
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Figure 5-3: a) Schematic (real space) depiction of the dynamic behaviors of charge carriers in a
single-photon PCD upon photoexcitation. Electron enriched surface (cathode) of the PCD is
largely decorated with photo-deposited HER co-catalysts (Rh/Cr20; core/shell nanoparticles). b)
Room temperature photoluminescence (PL) spectrum from as-grown p-InGaN PCDs for different
indium incorporations (correspond to different bandgaps, depicted using distinct colors). The inset
shows ~20-fold reduction in PL intensity for the photochemical diodes compared to that of
nanowires.

A simplistic view of the dynamic behaviors of charge carriers are depicted in Fig. 5-
3a, which includes electron-hole pair generation upon photo-excitation, bulk
recombination, carrier separation and migration towards laterally opposite direction.
Consequently, the two catalytic surfaces are enriched with electrons and holes,
respectively. The electron enriched surface (cathode) of the photochemical diode largely
facilitates photo-deposition of proton reduction co-catalysts (Rh/Cr,Osz core/shell
nanoparticles), which in turn enhances the hydrogen evolution reaction (HER)
significantly. Water oxidation reaction, on the other hand, takes place on the hole-enriched

surface (anode). One direct evidence for the efficient charge carrier separation and
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extraction of the presented InGaN nanosheet structures, compared to the conventional
nanowires, is the significantly reduced photoluminescence intensity. [llustrated in the inset
of Fig. 5-3b, the photoluminescence emission intensity of InGaN nanosheets is nearly 20
times smaller, compared to that of InGaN nanowires grown under similar conditions.
Therefore, with significantly reduced charge carrier recombination, InGaN nanosheets are
expected to exhibit noticeably higher photocatalytic activity than corresponding nanowire
structures [134]. By varying the epitaxy conditions, the energy bandgap of InGaN
nanosheets, evident by the photoluminescence emission spectra, can be tuned over a large
part of the visible spectral range, shown in Fig. 5-3b. More details about the properties and
behavior of a photochemical diode can be found in APPENDIX-B.

5.3.2 Surface Selectivity for Oxidation and Reduction

Figure 5-4: Comparison of STEM-SE and EDXS elemental mapping on two different surfaces
of InGaN nanosheet (decorated with Rh-nanoparticles) shows that a) very few Rh nanoparticles
were deposited on the anode (outer) surface, whereas b) significantly large number of Rh-
nanoparticles get deposited on the cathode (inner) surface. Scale bars, 400 nm. HRSTEM-BF
lattice fringe image from InGaN photochemical diode nanosheet, illustrating c) defect-free single
crystalline Ing2>Gao7sN anode surface, and d) Rh nanoparticles on the crystalline cathode surface
of photochemical diode. Scale bars, 5 nm. A radial density filter was used for Fig. 5-4c.
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Scanning transmission electron microscopy (STEM) and energy dispersive X-ray
scanning (EDXS) analysis on p-type InGaN nanosheet photochemical diodes, decorated
with Rh-nanoparticles, shows a significant difference in the number of nanoparticles
loading between the two parallel surfaces. Shown in Fig. 5-4b, preferential photo-reduction
of Rh-metal precursors to Rh-nanoparticles is facilitated on the reduction surface (cathode)
due to its electron enrichment compared to that on the oxidation surface (anode) in Fig. 5-
4a. Scanning transmission electron microscopy (STEM)-ZC/BF images further confirm
Rh-nanoparticles’ deposition on the reduction sites of InGaN photochemical diode
nanostructure (Fig. AP-A1). High-resolution STEM bright-field lattice image also depicts
high crystalline quality of the defect-free Ino.22Gao.7sN nanostructure surfaces, shown in
Figs. 5-4c and d. For comparison, the distribution of noble metal nanoparticles on the non-
polar surfaces of conventional nanowires are non-selective, rather random, as shown in

Fig. 3-7.
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Figure 5-5: a) ARXPS valence spectrum for cathode and anode surface of p-InGaN
photochemical diode nanosheets, depicting the offset in surface valence band maximum (Evs)
relative to surface Fermi-level (Ers). b) A quantitative estimation of the band-diagram of InGaN
nanosheet photochemical diode, supported by the TEM and XPS analysis for optimum bandgap,
as shown in Fig. 5-4 and Fig. 5-5a. Under concentrated sunlight, the band-bending in the bulk
can be reduced due to the band-flattening effect. The effect can lower the recombination
probability (for both bulk and surface recombination) further by leading to linear built-in electric
field and hence making the flow/separation of the charge carriers unidirectional (opposite), as
shown in Fig. 5-2a.

To further gain a deep insight regarding the deviation in photo-deposition behavior,
near-surface band-structure of as-grown p-InGaN nanowires and p-InGaN nanosheets were

characterized using angle resolved X-ray photoelectron spectroscopy (ARXPS). Illustrated
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in Fig. 5-5a, the measured surface valence band maximum (Evs) values between the two
non-polar surfaces (relative to surface Fermi-level, Ers) are significantly different, with
Evs for the cathode surface being ~300 meV larger than that for the anode surface. This
suggests the presence of a built-in potential ~300 meV (AE) along the lateral dimension of
the nanosheet structure, as shown schematically in Fig. 5-2a. A quantitative estimation for
the band-diagram of InGaN nanosheet structures is shown in Fig. 5-5b, which is derived
from the XPS and TEM analysis performed on InGaN nanosheets with optimum bandgap

for enhanced photocatalytic activity.
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Figure 5-6: a) Schematic illustration of probing photochemical diode surfaces for valence
spectra using ARXPS. Angles on the imaginary plane normal to c-axis (parallel to the substrate)
are the radial scanning angles (a, clockwise), and ‘@’ denotes the angle of X-ray excitation
relative to c-axis (section 3.5 and Fig. 3-6a). b) Ers-Evs for Mg-doped Ing22Gao 73N nanosheets
and nanowire arrays, derived from ARXPS valence spectrum as a function of scanning angle.
Periodic fluctuation is clearly observed for Ers position on the photochemical diode nanosheets
relative to Evs. An error bar of ~+0.03 eV corresponds to uncertainties involved in measuring
Evs and C 1s peak.

Subsequently, surface dependence of Evs was analyzed by measuring the valence
spectra vs radial scanning angle, o (Fig. 5-6a). Variations of Ers-Evs as a functional of
scanning angle is illustrated in Fig. 5-6b for the entire range of a, further confirming the
strong dependence of Evs on different surfaces. The sharp change in Ers-Evs (AEvs) Vvs.
scanning angle can be ascribed to the transition from one parallel surface to another, e.g.

from anode to cathode surface, whereas the slow and gradual change (86Evs) is attributed

to the curvature and orientation of nanosheet arrays. In contrast, conventional InGaN
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nanowires exhibit nearly constant Eys at different scanning angles, also shown in Fig. 5-6b
for comparison. It is evident that the large built-in potential leads to the spontaneous
accumulation of electrons and holes on the cathode and anode surfaces, respectively [169].
This implies that the origin of preferential photo-deposition of noble metal nanoparticles
on cathode surface of p-InGaN photochemical diode, as shown in Fig. 5-4, is due to the

reduction of noble metal precursors by photo-excited electrons enriched on that surface.

It is worthwhile mentioning that anisotropic facet-dependent co-catalyst deposition
had been reported previously to ensure spatial separation of oxygen evolution reaction
(OER) and HER co-catalysts [143-148, 186], and thus to provide enhanced carrier
separation in the near-surface region. However, bulk recombination remains a limiting
factor for their low apparent quantum efficiency in water splitting. Unique to the presented
photochemical diode nanostructure is the net lateral band-bending between two spatially
separated redox surfaces. Water oxidation and proton reduction reactions occur at the two
distinct reaction sites on photochemical diode nanosheets, and are coupled between the
parallel anode and cathode surfaces [187, 188]. Under concentrated sunlight, the band-
bending in Fig. 5-5b can be reduced in the bulk, which can further lower the recombination
probability by making the built-in electric field linear and hence the flow/separation of

charge carriers unidirectional (Fig. 5-2a).

5.3.3 Photoelectrochemical Characterization of the Nanostructure

Photo-electrochemical cell is a very powerful and efficient tool to characterize certain
properties of the photocatalytic material. To analyze the conductivity behavior and the
junction properties, a single band p-InGaN layer was grown on top of n-GaN nanowire
templates on Sin (111) substrate. In-Ga eutectic alloy metal was deposited on the backside
of the Si substrate to serve as an Ohmic contact. The measurements were performed by
using a 300 W Xenon lamp as an irradiation source with an intensity ~160 mW cm™ on the
sample surface. The reactor chamber was made of quartz to ensure ample transmittance for
both UV and visible light. Impedance spectroscopy was performed to acquire the Mott-
Schottky (M-S) plot in the dark. As shown in Fig. 5-7a, a p-n junction characteristic was
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observed in the M-S plot where a ‘V-shape’ was present. However, the dominant photo-
cathodic performance of the photoelectrode can clearly be observed by the steep negative
slope in the M-S plot, which is well supported by the onset potential and negative current
in the dark. The shift in the onset potential for photocurrent generation, as depicted in Fig.

5-7a, reflects the catalytic activity of the photoelectrode.
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Figure 5-7: a) Mott-Schottky plot of the p-InGaN photochemical diode nanostructure arrays in
the dark, and I-V curve of the same under light illumination (full arc) and in dark. b) Open circuit
potential (OCP) measurement on p-InGaN photochemical diode nanostructure arrays under dark
and full arc illumination. The potential difference between light and dark is positive, indicating
p-type behavior of the photochemical diodes.

The Mg-doped InGaN nanostructures were further characterized by open circuit
potential (OCP) measurement in 1 mol L' HBr using three-electrode electrochemical cell
configuration. The nanostructure arrays (on Si substrate) was used as the photoactive
working electrode, whereas a Pt wire, and a double-junction Ag/AgCl were used as counter
electrode and reference electrode, respectively. While the nanostructure shows p-n junction
characteristics, dominant conductivity type of the material in the electrolyte can be
determined by the sign of OCP shift upon illumination. For p-type material, the OCP shifts
towards more positive potential with respect to Ag/AgCl upon illumination. As shown in
Fig. 5-7b, the positive potential difference (with respect to Ag/AgCl) between light and
dark under full arc illumination indicates the p-type behavior of the nanostructures. The
weakly n-type behavior in the M-S plot and OCP measurement can be ascribed to the
contribution from GaN:Ge template on the Si substrate.
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5.4 Characterization and Performance Analysis of Double-band PCD

Double-band GaN:Mg/InGaN:Mg nanostructures were grown on Si substrate by
plasma-assisted molecular beam epitaxy (MBE) [99, 168, 169]. The nanosheet structures
are vertically aligned along the growth direction (c-axis) on the Si substrate, with an areal
density in the range of ~1.5x10'° cm™ (Fig. 5-2b). The photochemical diodes have an
average height ~1.5-2 um, and the thickness varies from ~50-120 nm. A single band-to-
band optical emission peak at ~485nm is shown in Fig. 5-8a, which corresponds to a
bandgap of 2.56 eV. The average indium incorporation is estimated to be ~22% for the
grown nanostructures. Detailed STEM and EDXS analysis confirms the existence of a
continuous long InGaN segment, simultaneously showing the distribution of Rh/Cr20;
nanoparticles on the surface [99, 169]. The p-type behaviour of Mg-doped crystalline
Inp22Gap 78N photochemical diodes is confirmed by photo-electrochemical characterization
that includes open-circuit potential (OCP), Mott-Schottky (M-S) and photocurrent

measurements, as discussed in the previous section.

The nanosheet arrays were tested for both hydrogen evolution reaction (HER) in
aqueous methanol (CH30OH) solution, and neutral pH overall water splitting (OWS)
reaction (Fig. AP-A2). A 300W Xenon lamp was used as a concentrated irradiation source
for photo-excitation, which has an intensity equivalent to ~32 suns when measured on the
nanostructure substrate. Rh nanoparticles and Rh/Cr2O; core-shell nanostructures were
photo-deposited as the co-catalysts for HER and OWS reactions, respectively. For an
incident intensity of ~610.8 mW cm? in the wavelength range of 200-485 nm,
stoichiometric gas evolution rate in neutral pH water splitting was measured as ~1.62 mmol
h'lem™ of Hz and ~0.784 mmol h''cm™ of O, gases, resulting in an AQE ~45.85%, which
is more than twofold higher than previously reported AQE of ~20% for double-band
nanowire heterostructures [169]. Under visible light irradiation (> 400 nm), the evolution
rate was measured as ~0.5 mmol h'ecm™ for H, and the AQE from the photochemical diode
nanosheets (nanowires) was estimated to be ~19.93% (12.3%). Further details about the

photocatalytic efficiency of the PCDs can be found in APPENDIX-C.
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Figure 5-8: a) Room temperature photoluminescence (PL) spectrum depicting single band-to-
band optical emission peak at ~365nm (GaN) and at ~485nm (InGaN). 3D depiction of
photochemical diode nanosheets with an arbitrary radial thickness ‘d’ is shown in inset (left).
Inner surface of the curved nanosheet is denoted as the cathode surface as per Fig. 5-4. The inset
(right) shows 15° tilted SEM image of the photochemical diodes. Scale bar, 1 pm. b) H, evolution
rate in overall neutral (pH~7.0) water splitting for various photocatalyst samples under different
excitation conditions. All the photocatalysts contain Rh/Cr,O; as HER co-catalyst, photo-
deposited on the surface. Photochemical diodes provided two-fold enhancement in solar to
hydrogen (STH) conversion efficiency compared to their nanowire counterparts. c)
Stoichiometric H, and O; evolution rate and the repeated cycles from overall water splitting,
demonstrating balanced redox reaction and stability of nanowire photochemical diodes. d)
Comparative illustration of apparent quantum efficiency (AQE) and energy conversion efficiency
(ECE) for different photocatalyst samples, derived under full arc using AM1.5G filter (FA) and
400 nm long-pass filter (400LP).

Evidently, significant enhancement in overall photocatalytic water splitting activity
had been derived from photochemical diode nanosheets compared to that from nanowire
heterostructures. For comparison, the amount of hydrogen evolution from the
photochemical diodes is increased by more than a factor of two (50.6 pmol h'cm™
compared to 21.3 umol h"'em™ from nanowires, under normalized intensity, per 100 mW

cm™) using full arc illumination with AM1.5G filter. This, in turn, enhanced the energy
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conversion efficiency (ECE) from ~7.5% to ~17.5%. Moreover, an impressive ~3.3% of
solar-to-hydrogen conversion efficiency has been measured in this study, which is
significantly higher than that estimated from dual-band nanowire structures, as depicted in
Fig. 5-8b. Repeated cycles for the stoichiometric hydrogen and oxygen evolution in neutral
pH water splitting using AM1.5G filter are demonstrated in Fig. 5-8c. [llustrated in Fig. 5-
8b and d are the comparative study of intensity-normalized hydrogen evolution and
corresponding AQE and ECE from neutral pH overall water splitting under full arc
illumination using AM1.5G filter and under visible light irradiation using a 400 nm long-
pass filter. The photochemical diode nanostructures remain stable after the photocatalytic
reactions, and negligible signs of degradation was observed after ~4 hrs of overall neutral
pH water splitting and hydrogen evolution reaction from aqueous methanol solution (Fig.
AP-A3). The stability of the co-catalyst nanoparticles on photocatalyst surface was further

confirmed from TEM analysis.

5.5 Discussion on Photocatalytic Efficiency and Material Stability

In nanostructured photocatalysts, charge carrier transport is no longer diffusion
limited; the effective extraction of photo-generated charge carrier is often restricted by
surface and interface electronic properties, e.g., the presence of surface band bending [99,
169, 189-191]. To date, it has remained a grand challenge to precisely steer charge carrier
flow in nanostructured photocatalysts, due to the lack of control over their surface band
bending. In our previous studies, we have demonstrated that by minimizing the surface
potential for hole transport, the STH efficiency for photocatalytic overall water splitting on
InGaN nanowires was significantly enhanced from <0.1% to over 1% [99, 168, 169].
Further improvement of the STH efficiency, however, has been fundamentally limited by
charge carrier trapping and recombination, including both surface and bulk recombination.
In this work, we have shown that such a critical challenge can be effectively addressed in
nanosheet photochemical diodes. The asymmetric dopant incorporation in InGaN
nanosheets and the resulting built-in electric field, schematically shown in Fig. 5-2a, offers
several essential benefits for photocatalytic overall water splitting. It leads to the
unidirectional charge carrier flow, i.e. the accumulation of photo-generated electrons and
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holes on the anode and cathode surfaces of the same nanosheet structure, respectively. The
efficient separation of photo-generated charge carriers is unambiguously supported by the
preferential deposition of HER co-catalysts only on the cathode surfaces of InGaN
nanosheets (Fig. 5-4b), the significant reduction of photoluminescence emission compared
to conventional nanowires (inset of Fig. 5-3b), and the large difference in surface potential

(~300 meV) between the anode and cathode surfaces (Fig. 5-5a).

cathode

Figure 5-9: Neutral pH overall water splitting on the surfaces of photochemical diode
nanostructures, presented schematically as a top view at the plane (X-X") of cross-section in the
inset of Fig. 5-8a. n, and 1 represents the anodic and cathodic over-potentials for water oxidation
and proton reduction reaction, respectively. With the directional (opposite) migration of electrons
and holes, redox reactions can be coupled between parallel (cathode and anode) surfaces of
vertically aligned adjacent photochemical diode nanosheets.

Over 90% of the photo-generated electrons and holes are spatially separated on the
cathode and anode surfaces [169], thereby minimizing both surface and bulk recombination
[192]. Moreover, reverse diffusion currents due to the concentration gradient is minimized
by the energy barriers and surface trapping of carriers in co-catalyst nanoparticles [71,
140, 175-177]. Significantly, the rational design and synthesis of anode and cathode
surfaces in nanostructured photocatalysts can effectively increase the surface area for water
oxidation reaction, which is often the rate-limiting step for overall water splitting [129,
193-196]. Water oxidation and proton reduction reactions can be coupled between spatially
separated reaction sites (parallel electrodes), i.e. the cathode and anode surfaces [187, 188]
of two adjacent photochemical diodes (Fig. 5-9), thereby drastically suppressing back
reaction. In addition, the effective surface relaxation of nanosheet structures allows for the
optimization of the bandgap and band-bending of InGaN photochemical diodes through
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variations in indium incorporation and Mg-doping concentration, to ensure sufficient
cathodic and anodic over-potentials, and to minimize the surface potential barrier for

achieving high photocatalytic efficiency.

The demonstrated STH ~3.3% is significantly higher than previously reported
efficiency values for neutral pH one-step overall water splitting [58, 178, 197], which
generally range from 0.1% to 1.1%, or 1.5% achieved herein using double-band
GaN/InGaN nanowires. It is worth mentioning that an STH of ~5% had been reported on
CoO nanocrystals [198], which are barely stable in harsh photocatalytic environment. The
nanocrystal surfaces become corroded due to difficulties in co-catalyst loading, and further
studies seem to be necessary to understand the mechanism and to confirm the
reproducibility [58]. Recent studies on a different 2-step approach of water splitting [56]
showed ~2% of STH using CDots-C3N4. This approach requires efficient generation as
well as subsequent decomposition of H>O», putting further constraints on the bandgap of
suitable photocatalyst (>1.78 eV, compared to ~1.23 eV for neutral pH overall water
splitting, excluding necessary over-potentials). A device comprised of catalysts loaded on
triple-junction photovoltaic cell demonstrated STH of ~2.5% in an earlier study [94],
which, however, utilizes conductive 1M potassium borate electrolyte (pH ~9.2).
Noticeably, many of these relatively high efficiency devices [58, 94] were designed based
on conventional photochemical diode [90] which requires the use of ohmic-contact for
efficient charge carrier transport. For example, the co-catalyst loaded
SrTiOs:La,Rh|Au(contact) BiVO4:Mo device [58] increases the STH up to ~1.1%

3+/2+ redox

compared to that of ~0.1% using their powder suspensions in Z-scheme with Fe
couples [66]. The use of planar ohmic-contact reduces active surface area for redox
reaction and often requires conductive electrolyte to compensate for the distance between
cathode and anode surfaces (by selectively adjusting the pH or adding supporting
electrolyte in near-neutral pH condition). Moreover, it has been extremely difficult to
realize such ohmic-contact in nanostructured photocatalysts. In this context, our nanosheet

photochemical diodes do not require ohmic-contact or majority carrier recombination.

They offer larger (and hole-enriched) anode surface for water oxidation, while enabling
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selective deposition of HER co-catalysts (Rh/Cr203) on electron-enriched cathode surface,
with the least probability of carrier interference, crowding, and recombination. Moreover,
solar energy, being a planar resource, can be more effectively harvested (per unit area) in

such vertically aligned wafer-level nanosheet structures.

5.6 Carrier Transport in PCDs: Impact on Efficiency Transformation

It is important to realize that, the photocatalytic activity of a semiconductor is greatly
affected by the dynamic behaviors of photo-generated charge carriers. The
separation/migration and the recombination process of the photo-generated electron-hole
pairs are two competitive pathways. The overall water splitting becomes most efficient
when the bulk-separation and surface-trapping of the charge carriers surpasses their
recombination while retarding the latter one. As discussed in section 4.2, MBE grown non-
doped GaN/InGaN nanowires are weakly n-type, which creates a high degree of upward
band-bending in near-surface region. The band-bending increased further due to surface
depletion effect when the nanowire surface is in contact with the water/electrolyte, which
suppresses electron transfer to the adsorbates. With n-type dopant incorporation (Si/Ge),
the upward band-bending of the nanostructures becomes more severe, providing little or
no control. On the contrary, band-bending and surface properties can be optimized in Mg-
doped p-type GaN/InGaN nanowires to provide significantly enhanced photocatalytic
efficiency, while simultaneously driving the water oxidation and the proton reduction
reactions forward and minimizing defects in the nanostructures [99, 168, 169]. The
decoration of nanowire surface with reduction co-catalysts (HER), in addition, accelerates

carrier separation from near-surface region.

Bulk recombination, however, persists due to its flat-band nature, which results in
trapping of photo-generated holes in the bulk of nanowires. Owing to the barrier for
directional (radial) migration towards the non-polar surface, these trapped holes cannot
participate in the surface reaction and hence diffuse randomly [168] with higher probability
of recombination (Fig. 5-10a). Under concentrated excitation, the band bending is reduced

which lowers the barrier for hole diffusion with enhanced water oxidation reaction,

112



however, not to its full potential. One of the reasons is that, the random distribution of
HER-cocatalyst on nanowire surface greatly limits available surface area for water
oxidation, which is a four-electron sluggish process, and the efficiency of overall water
splitting depends on effective rate of water oxidation. Even though the transport is no
longer diffusion limited, under flat-band condition the concentration-gradient for holes in
valence band is reduced. This leads to overlapping of electron and hole distribution with

enhanced probability of recombination (Fig. 5-10b).
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Figure 5-10: a) Optimally doped nanowire provides carrier separation in near-surface region
under low excitation, however, with low photocatalytic activity due to trapping of photo-
generated holes in the bulk. b) Under concentrated irradiation, reduced band-bending in nanowire
lowers the hole-diffusion barrier for water oxidation, the rate-limiting step for overall water
splitting. Carrier transport mechanism in a photochemical diode nanosheet under c) low
excitation and d) concentrated high excitation. Built-in potential and associated band bending
due to Mg-doping gradient plays critical role in carrier separation, thereby suppressing charge
carrier recombination in both the bulk and surface region.
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The photochemical diode nanosheet breaks the bottleneck of charge carrier separation
by electric-field driven drift-dominated carrier transport. While the band bending in a
photochemical diode is favorable for carrier separation towards catalytic surfaces (cathode
and anode), it also largely prevents reverse diffusion current (Fig. 5-10c and d) against
electric-filed induced barrier, thereby making the carrier-flow unidirectional. HER co-
catalysts on the cathode surface further eliminate the gradient in electron concentration
(conduction band) and associated reverse diffusion current, by trapping the accumulated
electrons from near-surface region to accelerate proton reduction. Critically important is
that, electrons and holes in photochemical diode can freely diffuse along the non-polar
surfaces (parallel cathode and anode) towards cocatalyst-enriched or reaction-prone
regions, respectively, with the least probability of interference, crowding, and
recombination. This leads to further enhancement in charge transport efficiency to the

solid-liquid interface ( Mransport ) @and the efficiency of interfacial charge transfer

(Minterface)- Consequently, an impressive solar-to-hydrogen conversion efficiency can be

derived from the photochemical diode nanosheet.

5.7 Conclusion

In summary, we have demonstrated photochemical diode artificial photosynthesis
system that can enable relatively efficient overall pure water splitting (STH ~3.3%). The
wafer level photochemical diodes consist of vertically aligned InGaN nanosheets, with
well-defined anode and cathode surfaces for water oxidation and proton reduction,
respectively. Unique to such nanosheet photochemical diodes is that charge carrier flow
can be precisely controlled at the nanoscale without any external bias: photo-generated
electrons and holes are instantaneously separated due to the built-in electric field along the
lateral dimension of nanosheets, leading to the spontaneous population of anode and
cathode surfaces by holes and electrons, respectively. The spatially separated electron and
hole gas significantly minimizes surface and bulk recombination and suppresses back
reaction, which have been some of the major challenges in achieving efficient

photocatalytic water splitting to date. The effective manipulation and control of charge
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carrier flow in nanostructured photocatalysts not only significantly enhances the efficiency
of photocatalytic water splitting, but also provides critical insight in achieving high
efficiency artificial photosynthesis, including the efficient and selective reduction of CO»
to hydrocarbon fuels. Future work also includes the development of an axial photochemical
diode by connecting the two semiconductor segments of the nanowire/nanosheet with a
transparent tunnel junction or transparent ohmic contact, which can significantly enhance

the STH efficiency [199, 200].
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Chapter-6

An Industry-ready Artificial Photosynthesis
Device?

6.1 Introduction

Challenge towards realizing a practical artificial photosynthesis system goes beyond
achieving higher efficiency in photocatalytic water splitting, although that is one of the
most important driving factors. Alongside, it is also important to make sure that the
efficient photosynthetic device can be synthesized by large scale mature techniques, and
the system is robust and stable in the harsh photocatalytic environment. As we have
discussed on numerous occasions so far, the stringent requirements on the energy band
structure of the semiconductor catalyst have left us with noticeably fewer options to explore
for photocatalytic overall water splitting. For example, only a handful of semiconductor
catalysts, e.g. Ni-doped InTaO4 [41], CDots-C3N4 composite [56], and GaN:ZnO solid
solution [57] can drive photocatalytic overall water splitting under visible-light irradiation
[56, 58-61]. Moreover, many of these photocatalysts, such as CoO nanoparticles [61] and
SrTiO3:La,Rh/Au/BiVO4:Mo Z-scheme system [58] exhibit stability of only a few hours,

or less.

Recent studies have shown that, with the use of wide-bandgap protection/passivation
layers such as TiO: for instance, the stability can be significantly improved for PEC water
splitting [10, 36, 68, 201, 202]. Such extra protective layers, however, do compromise the
charge carrier extraction and add an additional level of complexity in the design and
synthesis of the photoelectrodes. In an effort to achieve highly efficient photocatalytic
water splitting systems, extensive studies have also been carried out to incorporate suitable
co-catalysts, including Rh, Pt, RuO; [203] and IrOx [204], as well as earth abundant ones
such as NiOx[205-207], MnOx [207], CoOx[207-209], which provide distinct reactive sites
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for H> and O» evolution [210-212] and further enhancing the charge carrier separation and
extraction processes [29, 138]. To date, however, the solar-to-hydrogen (STH) efficiency
of photocatalytic overall water splitting on these materials has been generally limited to
~1%, or less, and the realization of long-term stable operation has remained somehow

elusive.
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Figure 6-1: a) Schematic depiction of a nanowire p'-p junction in the radial direction. By varying
the p-type dopant incorporation in the near-surface region of the nanowire, the band bending can
be experimentally tuned (from dashed-line to solid-line CB and VB edges) and the hole diffusion
barrier on p-doped nanowire can be reduced. This allows for the simultaneous extraction of both
photogenerated electrons and holes. Ef and Eg denotes their quassi Fermi levels. b) The
simultaneous incorporation of water oxidation and proton reduction co-catalysts, which, together
with the optimized surface band-bending on p'-p nanowire, enables the efficient extraction of
photogenerated holes and electrons in the radial direction and promotes water oxidation reaction
and hydrogen evolution reaction, respectively, for overall photocatalytic water splitting.

Here, we report on an artificial photosynthetic device using standard materials widely
used in the industry, i.e. gallium nitride (GaN) and its alloys (InGaN) on silicon wafers,
which produces hydrogen efficiently by directly splitting pure water with long-term stable
operation without applied bias or sacrificial agents. Due to the complex four-electron
process involved in the reaction [51], water oxidation has always been regarded as the
major limiting factor for overall water splitting and is the direct reason for the observed
poor stability. Moreover, as discussed in Chapter 4, the presence of a hole depletion layer
in a p-type nanowire catalyst, strongly limits the efficiency and compromises the
functionality of the water oxidation co-catalyst. To date, there have been only few studies
on the interplay between co-catalysts and surface electronic properties of the
semiconductor. Such a critical issue in photocatalytic water splitting can be partly
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addressed by exploiting a p*-p nanowire junction, as schematically shown in Fig. 6-1a,
which can reduce the hole depletion layer. Moreover, the surface band bending can be
tuned experimentally by varying the Mg-dopant incorporation in the p* bulk and the p-type

near-surface region to optimize the extraction of the photogenerated electrons and holes.

In this study, we have investigated the distinct, as well as the synergistic effect of the
water oxidation co-catalyst CoOx, the proton reduction co-catalyst Rh/Cr;03, and the
surface band bending of the nanowires on the performance and long-term stability for
photocatalytic overall water splitting reactions, as shown schematically in Fig. 6-1b. It is
observed that, when these techniques are optimally combined, GaN nanowire
photocatalysts can exhibit an unprecedented, near 100% absorbed-photon-conversion
efficiency (APCE) for unassisted overall pure water splitting. We have further
demonstrated that the dual-cocatalyst decorated double-band GaN/InGaN nanowire-arrays
can exhibit an STH efficiency of ~2.7% for overall pure water splitting without bias, nor
sacrificial reagent. More importantly, no performance degradation was observed in over
580 hrs of water splitting reaction under concentrated sunlight (27 Suns), which is the
longest stability ever reported for any inorganic semiconductor photocatalysts or
photoelectrodes without any protection layer for unbiased overall photocatalytic pure water

splitting with STH >1%.

6.2 Signature of OER and HER Co-catalysts on GaN Nanowires

We have first studied the synergistic effect of water oxidation co-catalyst, i.e. CoOx
for oxygen evolution reaction (OER), and surface electronic properties of GaN nanowire
photocatalyst in overall water splitting reaction. Cobalt oxide was deposited on GaN
nanowires by a photo-oxidation process using the cobalt nitrate Co(NOs3)2 precursor; and
from the STEM and XPS analyses, the deposited oxide was characterized to be Co304. A
high-resolution scanning transmission electron microscopy bright-field (STEM-BF) image
of CoOx-decorated GaN nanowire is shown in Fig. 6-2a, which revealed high crystallinity
from both the GaN nanowire and the CoOx nanoparticles. The distance between the

adjacent GaN nanowire lattice fringes is ~0.518 nm, which corresponds to the <0001>
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direction of GaN, with lateral surface being the nonpolar m-plane [151]. The (222) facet of
Co0304 reveals lattice fringe distance of ~0.233 nm [213]. The crystalline quality and the
core-shell structure of proton reduction co-catalyst, i.e. Rh/Cr2O3 for hydrogen evolution
reaction (HER) were also revealed from the STEM-BF and STEM-HAADF images, as
shown in Fig. 6-2b.

Figure 6-2: a) Scanning transmission electron microscopy STEM-BF (bright field) image of
C0304 nanoparticles on GaN nanowire surface. Scale bar, 5 nm. STEM-HAADF (high angle
annular dark field) image of the same region is shown in the inset. Scale bar, 2 nm. b) STEM-BF
image and STEM- HAADF image (inset) of Rh/Cr,Os (core-shell) nanostructure on GaN
nanowire surface. Scale bar, Snm.

The signature of Co304, as an oxygen evolution reaction (OER) co-catalyst was
revealed from water oxidation half-reaction which was carried out in the presence of
AgNO; as a sacrificial reagent. The amount of O2 evolution is significantly higher from
C0304-decorated GaN nanowires, compared to that from bare GaN nanowire photocatalyst,
clearly indicating the role of Co304 as an OER co-catalyst (Fig. AP-A4a). To further gain
a deep insight, electro-catalytic water oxidation was carried out on electrodes composed of
bare GaN nanowires and Co3O4 decorated GaN nanowires, by recording linear sweep
voltammetry (LSV) curve in potassium phosphate buffer solution (pH~7) in the dark.
Silver chloride electrode (Ag/AgCl) and Pt was used as the reference and the counter
electrode, respectively. The negative shift of applied (onset) potential on GaN/Co0304
electrode compared to that on GaN electrode (as shown in Fig. AP-A4b) further reveals
that Co304 functioned as an OER co-catalyst by lowering the overpotential and facilitating

the surface water oxidation process [214, 215].
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Therefore, water oxidation is facilitated on Co304 surfaces, which can be attributed to
the trapping of photo-generated holes into Co3O4 nanoparticles [67] from the near-surface
region of GaN nanowires. One direct evidence for the efficient charge carrier separation
and extraction of holes into OER co-catalyst nanoparticles is - the significantly reduced
photoluminescence intensity. the photoluminescence emission intensity from the Co3O4
loaded GaN nanowires is nearly half, compared to that from the bare GaN nanowires (Fig.
AP-A4c). Hence, with efficient charge carrier extraction and significantly reduced
recombination, the co-catalyst loaded GaN nanowires is expected to exhibit noticeably
higher photocatalytic activity than the bare GaN nanowire structures. It is worthwhile
mentioning that the enhanced H» production with Rh/Cr203 as a co-catalyst for hydrogen
evolution reaction (HER), and subsequent reduction of PL intensity due to electron
trapping in HER-cocatalyst nanoparticles had been demonstrated in our previous studies

[126, 216] (Chapter 4 and 5, Fig. AP-Bla).

6.3 Simultaneous Loading of HER and OER Co-catalyst on Nanowires

To promote overall water splitting reaction, both Rh/Cr,O3 and Co304 co-catalysts
were simultaneously loaded on the nanowire surfaces using step by step photodeposition
method [217]. The high-resolution transmission electron microscopy (HRTEM) image is
shown in Fig. 6-3a, which demonstrates simultaneous deposition of both Rh/Cr.O3 and
Co0304 co-catalysts on GaN nanowire surfaces. HRTEM images (Fig. 6-3b) taken from
region A and B of Fig. 6-3a revealed the formation of a Rh/Cr203 core/shell nanostructure,
and the presence of Co3O4 nanoparticles. The oxidation states of Rh, Cr, and Co on the
dual-cocatalyst decorated GaN nanowires were also confirmed from the XPS analysis. XPS
spectrum of the Rh 3d, Cr 2p, and Co 2p obtained from the dual-cocatalyst decorated GaN
nanowires are shown in Fig. AP-A5. The Rh 3ds» peaks observed at 307.5 eV and 309.5
eV are attributed to metallic Rh® and native Rh oxide [218], respectively. The Cr 2ps/ peak
appeared at 576.9 eV is ascribed to the presence of Cr203[218], indicating that the valence
state of Cr is trivalent. Co 2p3.2, Co 2p1s2, and the satellite peaks of Co were resolved for
Co 2p peaks. Figure 6-3¢ shows the x-ray photoelectron spectroscopy (XPS) spectra of the

Co 2p orbital, which further confirm the chemical form of Co and the presence of Co304.
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Co 2p3» and 2pi1» peaks located at 780.5 and 795.5 eV from CoOx-modified GaN
nanowires match well with the spin-orbit splitting value of commercial Co304[219]. These
analyses conclusively support that Co3O4 nanoparticles were successfully loaded onto the
nonpolar surfaces of GaN by photodeposition. In addition, EDX spectrum (Fig. 6-3d)
obtained from region A and B of Fig. 6-3a further confirms the simultaneous loading of

HER and OER co-catalysts on GaN nanowire surfaces.
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Figure 6-3: a) TEM image of a cocatalyst-decorated GaN nanowire, which depicts
simultaneous loading (not optimized) of HER and OER co-catalysts (Rh/Cr,O; and Co3Os,
respectively) for overall pure water splitting. b) HRTEM images of region A (top) and B
(bottom), as highlighted in a). c) ARXPS spectra of the Co 2p orbitals on bare GaN and Co0304-
decorated GaN nanowires, revealing the presence of Co3;O4 nanoparticle deposition. Spectra
measured on the commercial Co3O4 reveals very close correlation with that of the GaN/CoOx
system. Two typical peaks were observed from both the CoOx modified GaN nanowires and the
commercial Co30s, locating at 780.5 and 795.5 eV, which were ascribed to Co 2ps3» and Co
2p12 orbitals, respectively. d) EDX spectrum of region A (top) and B (bottom) as shown in a)
and b). Both HRTEM and EDX measurements confirm the formation of Rh/Cr,O; core-shell
nanostructures and the deposition of Co3O4 nanoparticles on the non-polar surfaces of GaN
nanowires.
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6.3.1 Nanowire Surface Charge Properties: Impact of Co304 Loading

In this study, GaN nanowires were grown onto commercial Si wafer substrates by
radio frequency plasma-assisted molecular beam epitaxy (MBE) under nitrogen-rich
conditions, which promotes the formation of the crucial N-terminated surfaces, not only
for the top (polar) facet but also for the lateral (non-polar) surfaces [99, 220]. Mg was used
as p-type dopant, and the concentration of Mg-dopant was tuned by controlling the effusion
cell temperature of Mg (Twmg) from 220 to 290 °C, which correspond to average Mg
concentrations in the range of 5x10'7 to ~1x10?° cm™ within the nanowires. The nanowires
are vertically aligned on the substrate, with lengths of ~600 nm and lateral dimensions of
~40-70 nm. As briefly discussed in section 4.3, experimentally the photocatalytic
performance of GaN nanowires in water splitting is very poor under relatively low Mg-
doping levels (due to large downward band bending at the near-surface region); and
significantly enhanced activity can be obtained at Tmg = 260 °C, which is ascribed to a
more balanced and efficient redox reaction due to reduced downward band bending.
Decreased activity at very high Mg-cell temperature is observed due to the degradation of
nanowire crystalline quality [221]. However, optimum Mg-cell temperature for p-InGaN
is was found to be Tmg = 200 °C which can be ascribed to the lower activation energy of
Mg-dopant in InGaN. With optimum surface charge properties, the decoration of nanowire
surfaces with Rh/Cr,03 reduction co-catalysts (HER) accelerates carrier separation from
near-surface region by trapping electrons for proton reduction reaction. Under
concentrated excitation, the band bending is reduced, further lowering the barrier for hole
diffusion towards the semiconductor-electrolyte interface, and in addition, the deposition
of OER-cocatalyst (CoOx) facilitates the collection/trapping of photo-generated holes with

enhanced water oxidation reaction.

Er-Ev was estimated from ARXPS valence band spectrum, measured on the non-polar
(lateral) surfaces of GaN nanowires. The position of surface valence band maximum (Ev),
with respect to the surface Fermi level (£F, binding energy = 0 eV) [221] is measured from
the intersection between the linear extrapolation of valence band leading edge and the

extended baseline (Fig. AP-A6a). The Er-Ev in the near-surface region of Mg-doped GaN
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nanowires (which quantitatively represents the downward band bending) decreases with
the increment of Mg cell temperature [221]. The reduction of Er-Ev values, measured on
the CozO4-nanoparticle decorated GaN nanowires compared to that measured on the bare
GaN nanowires, reveals that the downward band bending on the near-surface region of p-

GaN nanowire is further reduced due to the incorporation of Co3zO4 (Fig. AP-A6b).

6.3.2 Photocatalytic Performance of Dual-cocatalyst Decorated GaN

A schematic representation of the dual-cocatalyst decorated p-GaN nanowire is shown
in Fig. 6-4a, illustrating the mechanisms of overall water splitting on the lateral surface of
the GaN nanowires. The standalone effect of Co030s4 and Rh/Cr0; co-catalysts in
enhancing the efficiency of water oxidation and proton reduction reactions respectively,
are discussed in previous section. The non-polar surfaces of GaN are well-known to be
highly reactive to water oxidation. Therefore, overall water splitting on p-GaN nanowires
was first investigated in the presence of only reductive co-catalyst Rh/Cr2O;3 for hydrogen
evolution reaction (HER). Shown in Fig. 6-4b (green bars), it is observed that the evolved
H; rate exhibits a critical dependence on the Mg-dopant incorporation, which was also
revealed in previous studies and attributed to variations of the surface band bending as a
function of Mg-dopant incorporation [222]. The H; evolution rate first increased with the
increment of Mg doping temperature due to the reduced downward bending in more
heavily Mg-doped GaN nanowires and reached an optimum value at 7Tz = 260 °C (Mg
concentration ~1x10*° cm™). Further increment of Mg doping resulted in decreased activity,

due to the formation of defects and resulting poor material quality [222].

By additionally incorporating Co3O4 co-catalyst on GaN:Mg nanowires, it is observed
that the H> generation rate is substantially enhanced for the overall water splitting reaction
(red bars in Fig. 6-4b), which had been consistently measured for GaN:Mg nanowire
photocatalysts with various Mg doping concentration. The underlying mechanisms can be
explained by the significantly accelerated water oxidation process, facilitated by the co-

catalytic effect of Co3O4. The role of the co-catalysts on the enhancement of the solar Ha
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generation rate is further illustrated in Fig. 6-4c for GaN nanowire photocatalyst with an

optimum Mg doping level (7mg = 260 °C).
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Figure 6-4: a) Schematic illustration of the carrier dynamics in overall water splitting on a dual-
cocatalyst loaded GaN nanowire, showing carrier generation (Gen), recombination in the bulk
(Rec), carrier diffusion towards the nanowire surfaces and trapping into appropriate co-catalysts.
Co304 promotes the water oxidation for the oxygen evolution reaction, whereas Rh/Cr,O;
facilitates the hydrogen evolution reaction. b) H, evolution rate in overall pure (pH ~7.0) water
splitting for different Mg-doped GaN nanowire-arrays with only Rh/Cr,O3; and with dual-
cocatalyst. A ~2.8 cm? physical surface area sample (active GaN catalyst weight ~0.387 mg) was
used for the experiment. With Rh/Cr,03, efficient water splitting can be achieved with Tvg ~ 260
°C, whereas with dual-cocatalyst, efficient H, generation rates can be achieved for a wider range
of Mg dopant incorporation (7mg ~ 220-265 °C). c) Comparison of H, evolution rate from overall
water splitting on GaN (Mg-260 °C) nanowires loaded with different co-catalysts, depicting the
standalone and synergistic/tandem effect of HER and OER co-catalyst. The dual-cocatalyst
(Co304 and Rh/Cr,0O3) decorated GaN:Mg nanowire arrays exhibit more than ten-fold
enhancement in H» evolution rate compared to bare GaN:Mg nanowires. d) Time course of H»
and O; evolution for 3 cycles, demonstrating the repeatability of overall water splitting reaction
and consistency in gas evolution rates.

The dual-cocatalyst (Co3Os4 and Rh/Cr,0O3) decorated GaN:Mg nanowire-arrays

exhibit a two-fold enhancement in evolved H; rate compared to the Rh/Cr,O3 decorated
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GaN:Mg nanowires, a seven-fold enhancement compared to the Co3O4 decorated GaN:Mg
nanowires, and more than a ten-fold enhancement compared to bare GaN:Mg nanowires,
respectively. These substantial enhancements in photocatalytic activity reveal not only the
crucial roles of both reductive and oxidative co-catalysts, but more importantly, their
synergistic/tandem effect in dramatically increasing the solar water splitting efficiency.
Such an effect has also been observed on GaN:ZnO [223, 224] and BiVO4 [225]. In this
study, the absorbed-photon-conversion efficiency of dual-cocatalyst decorated GaN:Mg
(Tmg = 260 °C) nanowires was derived to be ~ 98%, suggesting that virtually all the
photogenerated charge carriers were actively participating in the water splitting reactions
rather than recombination (APPENDIX-D). Cyclic tests on p-GaN (Twmg = 260 °C)
nanowires with dual-cocatalyst were carried out and 3 repeated cycles are illustrated in Fig.
6-4d as a function of time, showing excellent stability of overall water splitting reaction

with stoichiometric 2:1 hydrogen and oxygen evolution.

It is also of interest to note that, with the incorporation of Co3O4 co-catalyst, the H»
generation rate becomes less sensitive to the variations of the surface charge properties.
Indeed, efficient H> generation rates can be achieved for a wider range of Mg dopant
incorporation (7mg ~ 220-265 °C) for dual-cocatalyst loaded photocatalyst system, as
illustrated in Fig. 6-4b. The underlying mechanism has been carefully studied. As shown
in Fig. 6-1a, the presence of downward band bending in GaN:Mg nanowires creates a hole
depletion layer, which has been identified as the major rate-limiting factor for
photocatalytic overall water splitting. The downward band bending in the near-surface
region of GaN:Mg nanowire is reduced when in contact with Co304 (Fig. AP-A6b), which,
collectively with the accelerated water oxidation process, enhances the extraction of
photogenerated holes [226], hence significantly improving the efficiency of H> generation

even for GaN:Mg nanowires with relatively larger downward band bending.

6.4 Double-band GaN/InGaN Photosynthetic Device on Si Substrate

We have subsequently investigated visible-light active, dual-cocatalyst decorated

GaN/InGaN double-band nanowire photocatalysts for overall water splitting reaction. The
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principles of engineering GaN/InGaN double-band nanowire heterostructures are
discussed earlier in section 4.4 and schematically illustrated in Fig. 4-6. However, the usage
of dual-cocatalyst system can effectively compensate for the necessary over-potentials to
achieve high efficiency overall water splitting, thus allowing us to realize visible-band with
extended absorption wavelength. Therefore, the properties of GaN/InGaN nanowires used

in this study are discussed briefly herein.

6.4.1 Synthesis and Structural Properties

The double-band nanowires are grown on top of the Mg-doped GaN nanowire
template (on commercial Si wafer substrates). The InGaN band consists of five
Inp25Gap.7sN:Mg segments separated by a thin GaN layer, and finally capped by a GaN:Mg
layer on top [227]. The typical birds’-eye view SEM image, as shown in Fig. 6-5a, reveals
that the as-grown nanowires are vertically standing on Si substrate with uniform spacing
and morphology. The hyper-abrupt interface between GaN and InGaN layers, revealed
from HRTEM image is also shown in the inset, demonstrating the crystalline quality of
both the layers. The Mg doping concentrations were separately tuned in the GaN and
InGaN segments for optimum downward band-bending. The room-temperature
photoluminescence (PL) spectrum, shown in Fig. 6-5b, revealed two distinct emission
peaks at ~365 and ~ 505 nm, which correspond to the bandgaps of GaN (3.4 e¢V) and
Ino25Gao.7sN (2.46 eV), respectively.

The indium composition within the InGaN band had been tuned to ensure necessary
overpotentials for both water oxidation and proton reduction reaction, while extending the
absorption threshold to harness more visible photons from solar spectrum. In other words,
the bandgap of InxGa;xN was tuned to be narrow enough (Eg ~2.46 eV, x~25% as derived
from PL analysis) to drive both the redox half-reactions forward. The growth temperature
for GaN was ~ 790 °C, and for InGaN the growth temperature was in the range of 650-710
°C. During the synthesis of multi-stacked GaN/InGaN nanowire photocatalyst, the InGaN
segments in visible-band were doped at Tz = 200 °C (Mg BEP of ~1.5x10"!! Torr), and
the top GaN segment i.e. the UV-band was doped at Tvg= 265 °C (Mg BEP of ~5.5x10°
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Torr). The use of N-rich conditions during nanowire growth promotes the formation of N-

terminated lateral surfaces [168, 228].
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Figure 6-5: a) A 45°-tilted scanning electron microscopy image of GaN/InGaN nanowire-arrays
vertically aligned on a Si wafer substrate. Scale bar, 500 nm. The inset (top) shows a high-
resolution scanning transmission electron microscopy (HRSTEM-ZC) image of hyper-abrupt
crystalline GaN/InGaN interface. Scale bar, 2 nm. b) Room temperature photoluminescence (PL)
spectrum from as-grown double-band p-type GaN/InGaN nanowire heterostructure.

6.4.2 Dual-cocatalyst Loading on Double-band GaN/InGaN Nanowires

The unique double-band GaN/InGaN nanostructure enables an efficient utilization of
the photogenerated carriers and prevents energy loss due to their thermal relaxation,
without sacrificing the absorption efficiency in both UV and visible-light regions
simultaneously. Schematically illustrated in Fig. 6-6a, is the dual-cocatalyst (Co3O4 and
Rh/Cr203) decorated p-GaN/Ino.25Gao.7sN nanowire for overall neutral pH water splitting.
As shown in Fig. 6-6b, the system exhibit Hz and O evolution rates of 7.14 and 3.54 mol
h''g! (1.14 and 0.57 mmol h''em™) under concentrated sunlight illumination (~27 Suns),
respectively, which is nearly twice higher than identical GaN/Ino25Gao.7sN nanowires but
with only a single photocatalyst (Rh/Cr203). The Hz and O; gas evolution during overall
pure (neutral pH) water splitting reaction can be clearly seen in the form of bubble. Under
strict visible light irradiation (> 400 nm), the H> and O evolution rates were measured to

be 1.75 and 0.9 mol h'lg™! (290 and 144 pmol h''cm?), respectively (see Fig. AP-A7).

The STH efficiency, derived from the H> production rate on dual-cocatalyst decorated
p-GaN/InGaN double-band nanowires was estimated to be ~2.7%, which was measured
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under full arc illumination with AM1.5G filter (~27 Suns). The apparent quantum
efficiency (AQE), determined from H> production under full arc illumination with 400
long-pass filters, was estimated to be 12.5% in the wavelength range 400—-505 nm. This
AQE is slightly lower than that reported by Domen’s group at 419 nm [58] wavelength,
however, with more extended utilization of visible photons in our study. The efficiency
could be further improved by optimizing the surface coverage of Co3O4 nanoparticles on
p-InGaN nanowire segments and by improving the quality and surface charge properties

of InGaN:Mg nanowire-arrays.
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Figure 6-6: a) Schematic illustration of unassisted overall pure water splitting on a dual-
cocatalyst loaded double-band nanowire heterostructure (herein, Eyi ~ 3.4 eV and Ep ~ 2.46 eV).
Water oxidation (O evolution) is promoted on Co30s, whereas Rh/Cr.O; promotes the proton
reduction reaction (H, evolution). b) The rate of stoichiometric H, and O, evolution in overall
pure (pH~7.0) water splitting on p-GaN/InGaN nanowire, decorated with only Rh/Cr,O3 and
dual-cocatalyst (Co3;04+Rh/Cr,03) under concentrated full arc illumination with AM1.5G filter.
To understand the synergistic effect of dual-cocatalyst loading, the STH efficiency
was calculated for both the photocatalyst nanostructures in the wavelength range 200-1100
nm under concentrated irradiation (~27 suns) using AM1.5G filter. The STH was estimated
to be ~2.7% and 1.5% for the p-GaN/InGaN double-band nanowire photocatalyst with
dual-cocatalyst (Co304 and Rh/Cr2,03) and HER co-catalyst (Rh/Cr,0O3 only), respectively.
The experiments herein were conducted under concentrated irradiation, with incident
photon flux as high as 4.16x10?! photons h"'cm™ within the absorption range of 200-505

nm under full arc illumination. It is important to mention that, under concentrated
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excitation the temperature is also expected to be higher which can partially contribute to
the non-linear increase of the photocatalytic reactivity. However, due to natural heat
radiation to the ambience, the water temperature in this study can increase only up to 318-
325 K with potential reduction of the Gibb’s energy to as low as 231 kJ mol™'.As per the
discussion in APPENDIX-C, the Gibbs energy of water splitting reaction can vary within
~231-237 kJ mol™! depending on the pressure and temperature during the reaction, and the
STH can be estimated in the range of ~2.6-2.7%, respectively, which lies almost within
experimental error. In the wavelength range of 200-505 nm (incident intensity of ~578 mW
cm 2), the ECE was found as ~12.9% for the dual-cocatalyst loaded double-band nanowire
photocatalyst, compared to ~7.5% for HER co-catalyst loading only. On the other hand, in
the wavelength range of 400-505 nm, the calculated values for ECE were ~5.5% and 4.5%,

respectively.

In the wavelength range of 200-505 nm with AM1.5G filter, the number of incident
photons per second was calculated as a function of wavelength and corresponding AQE
can be calculated from equation above. Considering the entire absorption spectrum (200-
505 nm) for the double-band structure, which includes both UV and part of the visible
photons, the AQE was derived to be ~33% for the GaN/InGaN double-band nanowire
photocatalyst with dual-cocatalyst (Co30s and Rh/Cr;03), compared to ~18% for the
GaN/InGaN nanowires with HER co-catalyst (Rh/Cr,03) only. In the visible wavelength
range (400-505 nm), the AQE for GaN/InGaN photocatalyst was estimated to be ~12.5%
and ~9.9% with dual-cocatalyst and with HER-cocatalyst, respectively.

6.4.3 Enhanced Efficiency and Extended Stability in OWS

It is crucial to achieve long-term stability for semiconductor photocatalysts/
photoelectrodes in overall water splitting reaction for practical applications. With
significantly enhanced photocatalytic efficiency, repeated cycles of overall pure water
splitting were carried out on dual-cocatalyst loaded Ino2sGao7sN/GaN nanowire
photocatalysts for over 580 hrs (24 days). Figure 6-7a shows the H, and O; evolutions from

the first and last 10 cycles. No evidence of performance degradation was observed in the
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H> evolution activities. Figure 6-7b further illustrates the rates of Hz and Oz evolution
which remain consistent, exhibiting nearly stoichiometric (2:1) gas production during the
584 hours of balanced overall neutral pH pure water splitting reaction without bias or
sacrificial agents. The photocatalytic activity of p-type GaN/InGaN nanowires dependes
critically on Mg-dopant incorporation, as shown in Fig. 4-2d and Fig. 6-4b. For optimally
doped (Mg) double-band GaN/InGaN heterostructures, slight variations in photocatalytic
performances (as high as ~10%) can be observed due to fluctuations in growth conditions,
sample preparation (e.g. co-catalyst loading) and performance evaluation. The long-term
stability test herein has been conducted on such a (single) device, and the minor differences
in evolution rates among repeated-cycles (Fig. 6-7b) could be observed mostly due to slight
inconsistencies in manual sampling of the evolved gases and/or misalignment between the
light source and the sample during water splitting reaction. To the best of our knowledge,
this is the first demonstration of long-term stable operation for semiconductor
photoelectrodes without protection/passivation layers for unassisted overall photocatalytic
pure water splitting with STH >1%. A comprehensive comparison and discussion on the
record-efficiencies and -stabilities achieved on the state-of-the-art photocatalysts are

presented in section 2.2.

Herein, we briefly discuss the advancement made in our current work considering the
state-of-the-art performances. Previously, Domen et al. reported the long-term stable
operation of GaN:ZnO photocatalyst with RuO> as water oxidation co-catalyst, which,
however, only exhibited an AQE of 0.16% at 400-500 nm [224] and an STH <0.1%. It is
evident that, although the STH efficiency of ~2.7% reported in this work is lower than that
of CoO nanoparticles (5%) which are barely stable in harsh photocatalytic environment
[61], the performance-stability of our nanowire photocatalyst system is significantly better.
Stability for 200 days had been reported on CDots-C3N4, but with lower STH efficiency
(2%) [56] than that reported here. However, the two-step approach of water splitting
adopted therein requires efficient generation as well as subsequent decomposition of H>O»,
which puts further constraints on the bandgap of suitable photocatalyst (>1.78 eV,
compared to ~1.23 eV for neutral pH overall water splitting excluding the over-potentials).

The dual-cocatalyst loaded double-band nanowire photocatalyst system in this work,
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therefore, outperforms most of the reported typical photocatalysts in the aspects of both

STH efficiency and stability for overall photocatalytic or photochemical water splitting.
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Figure 6-7: a) Repeated time evolution of H, and O production from first and last 10-cycles
among 584-cycles of unassisted overall (neutral pH) water splitting. b) Average rate of H, and O
production (7.14 and 3.54 mol h'g"!, respectively) from each cycle during long-term repeated
course of water splitting under concentrated sunlight illumination (~27 Suns), demonstrating
excellent performance and stability of the device (area of ~3.0 cm? and active GaN/InGaN catalyst
mass of ~0.48 mg).

As for unassisted PEC water splitting, the STH efficiency is limited to <1% while
being stable for duration as low as 12 hrs without the incorporation of any photovoltaic
(solar cell). When the photovoltaic cells were integrated with the photoelectrodes, the STH
efficiency is boosted up to ~14% [114]. Particularly, by using photovoltaic-assisted
electrolysers, 30% of STH efficiency was obtained. An enhanced STH efficiency of ~16%
is reported for PEC water splitting using GalnP/GalnAs tandem absorber with significantly
limited photocurrent stability [110]. Recently, stability study through electrolyte
engineering has shown that, the use of a vanadium-saturated solution can suppress the
photo-corrosion of vanadium-containing catalysts e.g. BiVOs. Although the photocurrent
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stability up to ~450 hours [124] was achieved, the application to enhance the stability on
an efficient PEC device is yet to be demonstrated. However, most of the reported unassisted

PEC water splitting systems still suffer from the instability (limited to < 100 hrs)

6.5 Origin of Enhanced Efficiency and Long-term Stability

The atomic-scale origin of the p-type GaN/InGaN nanowires in achieving long-term
stability and high efficiency from overall solar water splitting in pure water and without
any sacrificial reagent has been investigated. Recent studies, both theoretical and
experimental, have revealed that the Ga(In)N nanowires grown by MBE can spontaneously
form atomically thin N-terminated layers, on both their top surfaces and lateral sidewalls
[228]. Such a unique surface configuration was achieved by employing a Ga seeding layer
during the initial nanowire nucleation and by utilizing N-rich conditions during the
subsequent epitaxial processes [229] . The N-termination of all exposed surfaces protects
the nanowire photocatalyst against oxidation and photo-corrosion. Significantly, the
measurements herein were performed under concentrated sunlight (~27 suns), which is of
utmost interest for economically viable industrial production of hydrogen using limited
land area and employing minimum amount of photocatalyst. Harvesting of solar energy (a
planar resource) and carrier extraction at high illumination intensity is more efficient in
such vertically-aligned wafer-level nanostructures, compared to particulate photocatalyst
which, in addition to exhibiting weaker light absorption, often suffers from larger grain
boundary resistance because of aggregation. On the contrary, most of the photocatalysts
become unstable and less-efficient under concentrated irradiation due to enhanced
corrosion (self-oxidation) and second-order recombination, which therefore requires

significant scalability to cover larger area under one-sun light intensity.

The substantial enhancements in photocatalytic activity and device-longevity reveal
not only the crucial roles of band-flattening due to optimum Mg-dopant incorporation and
high-intensity excitation, but more importantly, the synergistic/tandem effect along with
the loading of both reductive and oxidative co-catalysts. The charge transfer from 1D

nanowires to co-catalyst nanoparticles are no longer diffusion limited due to their smaller
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diameters. The perturbation in surface band-bending and the associated localized electric-
fields induced due to the incorporation of HER and OER co-catalysts on optimally doped
p-type nanowire surfaces steer the favorable extraction of electrons and holes into
respective distinct co-catalyst nanoparticles (Fig. 6-4a), which eventually enhances carrier
separation while retarding the probability of overall recombination. As predicted by the
first principle calculation and experimental data based on the rate-law analysis, the most
effective approach to improve the photocatalytic reactivity is to increase the concentration
of photogenerated holes on the catalytic surfaces for efficiently driving multi-hole
processes. Loading of Co30O4 nanoparticles facilitate accumulation of photogenerated holes
to simultaneously drive complex four-hole water oxidation process, the sluggish and major
rate-limiting step for overall water splitting. Moreover, water molecules can effectively
adsorb and dissociate on Co304 surfaces to form strongly bound hydroxyl radicals which
can be ascribed as trapped holes on the surface. Significantly, this can suppress the
electron—hole recombination onto the surface and increase the lifetime of surface-reaching

holes up to microseconds, thereby dramatically enhancing the water oxidation efficiency.
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Figure 6-8: Model for single crystal wurtzite GaN nanowire with a polar, N-terminated (00071)
top surface and N-terminated (1010) and Ce,-symmetric side faces, obtained by removal of the
surface Ga atoms which causes N—Ga bonds to be broken and to the re-orientation of the N bond
orbitals [228]. P represents the direction of spontaneous polarization of the wurtzite crystal. The
major contributing factors for the enhanced efficiency and stability are also highlighted. Adopted
from Adv. Mater. 28, 8388-8397 (2016).
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Consequently, this improves the stability of the photocatalyst and the longevity of the
artificial photosynthetic system, as - in the absence of C030O4 co-catalyst nanoparticles, the
inefficient accumulation of holes on the nanowire surfaces and the long-awaiting time for
water adsorption, dissociation and subsequent oxidation can accelerate the decomposition
of the material (via self-oxidation by photogenerated holes) under concentrated sunlight.
The proximity of the nanowire photocatalysts, including the integrated nature of micro-
/nano-electrodes (co-catalysts) greatly eliminates the problem of ionic diffusion for
balanced water splitting reaction. Therefore, unlike PEC, these structurally-stable
nanostructures can efficiently and consistently generate hydrogen from photocatalytic

neutral pH water splitting, without any external bias and conductive electrolyte.

To summarize, the polarization field induced by the negative charge of N atoms on the
surfaces, together with the optimally reduced surface band bending through Mg-dopant
incorporation and faster water oxidation reaction enabled by Co3;O4 loaded on nanowire
surfaces, can overwhelmingly enhance the injection of photogenerated holes into the
aqueous solution. The major contributing factors for a bare GaN nanowire are
schematically summarized in Fig. 6-8. The H; production rate from overall pure water
splitting is further enhanced through the synergistic and tandem effect of Co3O4 and
Rh/Cr;0; co-catalysts. The effective use of N-rich surface and GaN in enhancing the
stability of semiconductor photoelectrodes has also recently been reported for p-GalnP; in

NH4NO;3 electrolyte [230] and for TazNs in KPi solution [231], respectively.

The ability to easily and reproducibly fabricate wafer-scale industry-friendly
engineered artificial photosynthesis devices of high performance and long-term stability
can consequently lead to commercially viable large-scale clean hydrogen generation from
unassisted solar-driven pure water splitting. For example, with ~2.7% efficiency and using
concentrated irradiance of 27 suns, the system can potentially generate 7.14 mol h™! (~160
L h'! at STP) of H, gas per gram of photocatalyst, or most likely 11.42 mol h™! (equivalent
to 256 L h'! at STP) of H, gas when a 1 m? module is employed. The research to further
scale up the reported hydrogen generation system is currently in progress (see Chapter 9).
Considering the average roof in the United States has access to usable sunlight for nearly
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5.5 hours [232] per day, this artificial photosynthetic system herein can thus generate clean
hydrogen under concentrated illumination for up to over 100 days so far and most likely
much more as the efficiency did not drop when the stability test was concluded after 584
h. Significantly, the measurements were performed under concentrated sunlight (~27 suns),
which is of utmost interest for economically viable industrial production of hydrogen using
limited land area and employing minimum amount of photocatalyst [28, 116, 149]. This
artificial photosynthetic system is also capable of direct hydrogen generation from harsh
aqueous environment such as seawater. Moreover, its efficiency could be further optimized
by synthesizing InGaN with higher indium incorporation (up to 50%). The band gap of as-
obtained InGaN solid solution can be tuned to ~1.5 eV while straddling the redox potentials

of water splitting under visible and near-infrared light irradiation (up to A =1 um) ) [82].

6.6 Conclusion

We hereby demonstrated that, by combining the synergistic effect of OER and HER
co-catalysts and by optimizing the surface electronic properties of the semiconductor,
double-band GaN/InGaN nanowire-arrays grown on Si wafers can exhibit long-term stable
operation (24 days) in unassisted pure water splitting with an STH efficiency of ~2.7%
under concentrated sunlight. This work demonstrates the ability to fabricate industry-
friendly artificial photosynthesis devices (GaN-based photocatalyst on Si wafers) of high
performance and long-term stability for direct overall unassisted solar pure water splitting
by utilizing atomically thin N-terminated surfaces, rather than the additional relatively
thick surface protection/passivation layers [36, 233]. The future work, therefore, includes
building a large-sale prototype of Ga(In)N nanowire based artificial photosynthesis system
and demonstrate efficient and stable solar to hydrogen conversion via photocatalytic

overall neutral pH water splitting.
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Chapter-7

Optically Active Dilute-Antimonide III-Nitride
Nanostructures for Solar Energy Harvesting

7.1 Introduction

With the exceptional structural and optical properties, IlI-nitride nanostructures
(InGaN) have served so far as an amazing platform for realizing efficient and stable
artificial photosynthesis system. This is because, Ga(In)N possesses ideal attributes for
solar fuel generation through natural water splitting and CO> reduction, as illustrated in
Fig. 1-2 and 1-5, and demonstrated in Chapter 4, 5 and 6. However, it has remained one of
the Holy Grails of solar-fuel community for decades to achieve efficient and stable overall
water splitting beyond blue solar spectrum (deep-visible). In addition to recent solar fuel
application, the research and development of GaN-based materials, including InGaN
quantum wells (QWs), has already led to high brightness blue light-emitting diodes (LEDs)
[234-237]. 1t has remained challenging as well to achieve efficient light emitters operating
in the deep visible spectral range till today, which are essentially required for phosphor-
free and color tunable LED lighting. This challenge is directly related to the requirement
of excessively high indium incorporation for narrow bandgap InGaN, fundamentally large
lattice mismatch (~11%) between InN and GaN [238-240] and large strain-induced
polarization field [241, 242]. These detrimental effects serve as serious bottlenecks towards
realizing large scale practical applications of InGaN as an advanced photo catalyst for solar
fuel. It is therefore extremely important to search for other elements which can serve the

same purpose as indium, while preserving the advantages II1-Nitride platform offers.

Alternatively, by introducing highly electronegative antimony in the host lattice, the
bandgap of Ill-nitrides can be potentially tuned from the UV, through the deep visible, to

the near- and mid-infrared wavelengths [243, 244]. The unprecedented and broader range
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tuning of I1I-nitride-antimonides’ bandgap is schematically shown in Fig. 7-1, which opens
new possibilities for photonic and optoelectronic devices operating in the visible and
infrared wavelengths. To date, however, the epitaxial growth of dilute antimonide nitride
semiconductors has remained largely unexplored, and little is known about their
fundamental electronic and optical properties [245, 246]. Previously reported dilute
antimonide nitride epilayers are either polycrystalline or amorphous [247-250]. There have
been no theoretical studies on the electronic structure of GaSbxNix for x in the range of 0-
1% [251, 252]. Moreover, there exists a large discrepancy between the calculated bandgaps
by first principles and experimentally observed ones [246, 248, 253]. Therefore, the
successful development of superior quality dilute antimonide nitride heterostructures and
nanostructures will provide a new quantum material platform with very promising
application to high-efficiency, phosphor-free, and color tunable LEDs and lasers, and to
solar energy conversion, including solar cells, solar fuels, and various electrochemical

devices and systems.

7.2 Tuning the Bandgap of Dilute Antimonide GaSbN Nanostructures

We have investigated, both theoretically and experimentally, the fundamental
characteristics of GaSbN in the dilute Sb limit (<1%). With the use of a new density
functional theory (DFT) method based on Vienna ab-initio simulation package (VASP)
[254-256], we have performed calculations on the electronic band gap and band structure
of GaSbN, simultaneously capturing the Eg(x) nonlinearity (for 0% < x < 1%) using Heyd-
Scuseria-Ernzerhof (HSE06) hybrid-functional without any empirical parameter [255].
Our calculations revealed that with ~1% Sb incorporation, an energy bandgap of ~2 eV can
be reached, which is equivalent to the incorporation of more than 30% of indium in GaN.
Experimentally, GaSbN nanowire heterostructures were grown by plasma-assisted
molecular beam epitaxy (MBE) on Si substrate, which exhibited strong photoluminescence
emission at room temperature. Moreover, the emission can be tuned from 3.4 eV to ~2 eV
through controlled Sb incorporation. We have further demonstrated dilute-Sb nitride
functional LEDs operating in the deep visible (green) wavelength. This work has shown

the extraordinary potential of dilute Sb III-nitrides to emerge as a new quantum material
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platform for the development of high efficiency optoelectronic, photonic and solar energy

devices.
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Figure 7-1: Sb and N impurity level with respect to the conduction and valence band of III-V
semiconductors [257], depicting the bandgap energy calculated using BAC model [247] over
whole composition range of GaSbN. The bandgap energy data for GaSbN were taken from Appl.
Phys. Lett. 102, 102104 (2013).

7.2.1 First Principles Calculation: Properties of Dilute-Sb GaSbN

We have first performed calculations on the electronic band gap and band structure of
wurtzite GaSbN using a computationally efficient method by the Vienna ab-initio
simulation package [254-256]. Bandgaps of 3.28 eV and 0.55 eV were calculated for GaN
and GaSb, respectively, by employing HSE06 exchange-correlation (XC) functional with
the mixing parameter o = 0.25 and adopting a 7x7x5 k-point mesh including spin-orbit
interaction. Special quasi random structure (SQS) calculation [258] was used rather than
conventional coherent potential approximation (CPA), to accurately obtain Sb atom
arrangement which takes into account the local strain effect in the lattice. Lattice relaxation
was performed using PBESol XC functional implemented in VASP. Supercell sizes of 72,
144, 288, and 576 atoms were used to incorporate one Sb atom, which corresponds to Sb
incorporations of 2.7, 1.35, 0.7 and 0.35% respectively. Figure 7-2a depicts a ball and stick
model of GaSbxN.x supercell with x =2.7% of Sb incorporation. The structure is optimized
using DFT simulations, in which it can be clearly observed that - the replacement of a small
and light nitrogen (N) atom by a larger and heavier antimony (Sb) atom can create strong
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perturbation among the nearest Ga atoms and the next-nearest N atoms in a unit cell.
Energy bandgap calculation of GaSbxNi.x versus x (shown in Fig. 7-2b, as solid blue dots)
clearly captures the nonlinear curving part by our method, while simultaneously providing
accurate results as the commercial software Viena Ab-initio Simulation Package (VASP)
for larger value of x. The band gap variation is consistent with experiments to be described
next, shown as red dots in Fig. 7-2b. The basis and the details about the first-principle

calculations presented herein are described in publications elsewhere [254-256, 259].
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Figure 7-2: a) A ball and stick model of GaSbxN.x supercell with x =2.7% of Sb incorporation,
optimized using DFT simulations. The perturbation of Ga atoms near the Sb atom can clearly be
observed in a unit cell. b) Energy Band gap of GaSbN vs. Sb concentration. There have been no
studies, either theoretical or experimental, for GaSbN with Sb composition <1%. Our
calculations herein (blue dots) demonstrate controllable tuning of the energy bandgap from 3.4
eV to 2eV in the dilute limit (<1%). Our experiments (red dots) also show excellent agreement
with the theoretical calculation.

The fundamental requirement for any active photocatalyst to perform overall water
splitting is that, the bandgap of the catalyst needs to properly straddle the redox potential
of water molecules (nearly 1.23 eV, Fig. 1-2). With appropriate electrochemical
overpotentials at both the valence and conduction band edges, the optimally required
bandgap is ~2.0 eV, which can be achieved by InGaN with as high as ~40% of In-
incorporation (post-growth). However, the conduction band of InGaN lowers faster than
the upward shift of the valence band as a function of In composition (Fig. 1-5 and Fig. 7-
3a). This puts further constraints on the usage of InGaN with high In-content (narrow-
bandgap) for CO; reduction to hydrocarbon fuels and reduces the over-potential for proton
reduction reaction in overall water splitting. Significantly, in direct contrast to the band
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edges of InxGaixN, the valence-band edge was found to raise rapidly with x of Sb in
GaSbxNi.x while the conduction-band edge lowers slowly, as shown Fig. 7-3a. Therefore,
at Sb-incorporation in the dilute limit (<1%), GaSbN with reduced lattice mismatch and
good crystal quality can be used to realize neutral water splitting, whereas higher Sb-

content (>1%) may be suitable for acidic water splitting.
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Figure 7-3: a) Conduction and valence band edge positions vs. Sb concentration. For comparison,
the band edge positions of InGaN for In compositions up to 50% are also shown [82]. The bandgap
energy data for InGaN were adapted from Appl. Phys. Lett. 96 (2), 021908 (2010). b) Normalized
photoluminescence (PL) spectra measured at 300K for GaSbN with different Sb concentrations.
The inset shows the relative constant emission intensity of GaSbN nanowire arrays.

7.2.2 Epitaxy of Dilute Antimonide GaSbN Heterostructures

Experimentally, we have investigated the growth of GaSbN nanowire heterostructures
using a Veeco Gen-II MBE system equipped with a radio frequency plasma-assisted
nitrogen source. The growth was performed on n-type Si (111) substrate without any
external catalyst; instead Ga-seeding layer (~1 monolayer) was used for the nucleation of
nanowires [168, 260, 261]. GaN-based heterostructures are generally grown at relatively
high temperatures (>700 °C) [262-266]. However, controlled Sb incorporation at such
elevated temperatures is challenging, due to the large Sb surface desorption and
segregation. In this study, we have investigated the effect of growth rate, Ga/N flux ratio,
and N/Sb flux ratio on both the incorporation of Sb as well as the material quality. By
careful optimization of the growth parameters we have shown that with the use of plasma-

assisted MBE, Sb can be controllably incorporated in GaN at intermediate growth
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temperatures. The growth parameters for GaSbN nanowires include substrate temperatures
in the range of 650 to 705 °C, Ga beam equivalent pressure (BEP) of ~4x107® Torr, and Sb
BEP in the range of ~5x107'° Torr to ~1x107 Torr. The nitrogen plasma power is ~350 W
and nitrogen flow rate is in the range of 0.3-0.5 sccm. Ge and Mg was used for n-type and

p-type doping in the LED structures, respectively.

The scanning electron microscopy (SEM) image of GaSbN nanowires grown on Si
substrate shows that the nanostructures are vertically aligned on the substrate and oriented
along the c-axis. Photoluminescence measurement was performed with a 325 nm He-Cd
laser as the excitation source. Shown in Fig. 7-3b are the photoluminescence spectra of
GaSbN obtained with different Sb concentrations into GaN. The Sb concentrations were
varied in the range of 0% to 0.66%, which was derived based on the secondary ion mass
spectroscopy (SIMS) measurements performed on GaSbN film structures grown under
similar conditions. A consistent redshift with increasing Sb composition is measured. To
the best of our knowledge, this is the first demonstration of room-temperature
photoluminescence from any dilute antimonide nitride materials [246]. This is also the first
experimental demonstration of bandgap tuning (from 3.4 eV to 2.0 eV) within the
extremely dilute antimonide regime (Sb concentration <1%). The estimated bandgap for
different Sb incorporation is in excellent agreement with the theoretical calculation,
illustrated in Fig. 7-2b. By further varying the epitaxy conditions, emission in the deep

visible spectral range can also be achieved.

7.3 Structural and Optical Properties of GaSbN

For further characterization of the material properties four samples with different Sb
compositions, from both the nanowire and film growths, were subsequently studied. The
samples with high Sb incorporation are labeled with ‘H’ (Eg ww-n) ~ 2.03 eV, Eg (fim-n) ~
2.27 eV), whereas low Sb samples are labeled with ‘L’ (Eg ww-L) ~ 2.34 €V, Eg (fim-) ~ 2.90
eV). The Sb BEP for the high and low Sb samples are 3x107% and 5x10~° Torr, respectively.
As predicted in the first principle calculation, anomalous expansion in unit cell size was

observed for the alloy bandgap reduction which can be correlated with the measured
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structural and optical response of GaSbN. For example, to assess the structural quality of
the alloy, XRD measurements were performed on both the nanowire and film samples
using a Bruker D8 Advanced Diffractometer with Cu Ka (radiation A= 1.5418 A). These
data reveal the typical (002) and (004) peaks observed in GaN wurtzite structure (not
shown), confirming the wurtzite crystalline nature of the GaSbN grown along the c-axis.
Depicted in Fig. 7-4a, for higher Sb incorporation, the narrower (002) peak for GaSbN
nanowires (FWHM ~ 857 arcsec) shows better crystalline quality than that of GaSbN film
with a broader (002) peak (FWHM ~ 1253 arcsec). This can be attributed to the ability for
accommodating strain-relaxed growth in one-dimensional (1D) GaSbN nanowires. The
lattice constants of the samples with high and low Sb compositions, extracted from their
XRD pattern are 5.1945 (H) and 5.1897 A (L) for the films, and 5.1903 (H) and 5.1866 A
(L) for the nanowires, respectively. The lattice mismatch (f) of the GaSbN film (Eg (fiim-1)
~2.27 eV) in comparison to GaN agrees well with that of our theoretical estimation for
0.4% Sb incorporation (f ~ 0.178%). However, the lattice mismatch was reduced
significantly in GaSbN nanowire structure (Eq; ww-n) ~ 2.03 eV, f'~ 0.085%) even for a

smaller bandgap value, due to efficient lateral stress relaxation.
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Figure 7-4: a) The prominent reflections of 002 in the XRD pattern for GaSbN films (left) and
nanowires (right) compared to that for GaN. ‘L’ and ‘H’ refers to GaSbN samples with low and
high Sb incorporation, as described in the text, respectively. b) Typical micro-Raman spectra of
GaSbN films and nanowire vs Sb composition. Raman modes of GaN are also presented as
reference. Contributions from Si substrate are marked with “*’.

The observation can further be correlated with the room-temperature micro-Raman

spectroscopy analysis of the samples. The micro-Raman measurements were carried out
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with a 514 nm argon ion laser through a 50x objective. The focused laser spot size was ~1
um and the estimated power on the sample was ~7 mW. In this study, all Raman spectra
were taken in the backscattering geometry with the incident laser parallel to the hexagonal
c-axis ([0001] direction) of the nanowires. Figure. 7-4b reveals the decoupling
phenomenon of Aj(LO) phonon mode from the longitudinal optical phonon-plasmon
coupled (LOPC) mode, present at 740 cm™ in non-doped GaN [153]. The A1(LO) phonon
mode shifts consistently to lower frequency at increased Sb content with noticeable peak
broadening. The additional peak (Pa), appeared at 670 cm for low Sb incorporation
sample and shifts to lower frequency (667 cm™') with higher intensity as the Sb content
increases in the host lattice, which can be ascribed to Sb-induced local vibrational mode
(LVM). This is consistent with the previous report [246] where the additional peak and
corresponding shift was observed near 650 cm™ for higher Sb incorporation (~1-4%). Ex!!
mode in GaSbN film is also largely affected due to Sb incorporation, and the peak shifts
significantly to lower frequency with increased FWHM for higher Sb composition. This
peak broadening and shift is due to biaxial strain in the c-plane, induced by the disorder in
atomic arrangement, which is also instructive of reduced crystalline quality [153].
However, the Raman scattering modes in GaSbN nanowire structures are affected only
slightly due to the efficient lateral surface strain relaxation and provides better crystalline
quality (narrower B> peak) even at comparatively higher Sb incorporation, which can also
be correlated with the lattice constants measured from XRD analysis in Fig. 7-4a. We also

observed that post-growth annealing enhanced the optical properties of GaSbN nanowires.

7.4 Quantum Interaction of Sb: Impact on Optical activity of GaSbN

The level of quantum confinement that can be achieved in GaSbN/GaN QDs in the
dilute regime (<1% Sb) is comparable to InGaN/GaN QDs with ~30% In composition,
however, with reduced mismatch between GaSbN and GaN. Despite numerous success in
bandgap tuning of GaSbN for wide Sb-compositional range, no tunable PL and EL
emission was achieved [246] till today. Cathodo-luminescence (CL) and the room
temperature PL emission at ~2.2 eV was reported so far for a single composition [253,

267], which coincides with the defect related 'yellow band' in GaN. Therefore, this study
143



demonstrates the first realization of crystalline GaSbN/GaN dot-in-wire heterostructures
with tunable PL emission at room temperature. Our preliminary first principle study shows
that Sb incorporation into GaN creates a strong quantum-interaction between the Sb-
impurity and the host GaN atoms, as depicted in Fig. 7-5a as the 3D charge density plot.
Considering no structural relaxation, the N-p, Ga-p and Ga-d orbitals of the host valence
states are strongly perturbed along with Sb-p orbital. Owing to larger radius and electro-
negativity, Sb incorporation leads to - strong interaction and overlap between Sb-orbital
and that of the nearest Ga-neighbors and next nearest N-neighbors to form extended
valence states (Fig. 7-5b), and therefore, room-temperature optical activity of the
nanostructures [268]. Post-growth annealing of the GaSbN nanostructures in Ar
environment and above the growth temperature leads to further improvement in optical and

structural properties.
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Figure 7-5: a) The charge density of states (DOS) induced due to a single Sb incorporation into
GaN at x = 2.7%. b) Projected DOS of GaSbsN;— at the valence band side of the Fermi level,
showing total DOS normalized to a single Sb atom incorporation at x = 1.4%. The band edge of
GaN, E, can, is used as a reference.
The microscopic origin of the strong band-bowing in GaSbN was investigated from
the ab initio point of view by calculating the density of states (DOS) of the material [259].
And the character of the impurity states can be identified from the interactions between
individual atoms and their contributions to the total projected density of states. Sb atoms
only contribute to the valence band (VB) of GaSbxNi.x while having very little influence
on the conduction band (CB) of the host GaN. The p-orbital of N and p, d-orbital of Ga are

found to dominate at the VB edge of GaN. However, the major contributions to the
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extended valance band of GaSbN come from the p-orbital of Sb and N, as well as the p, d-
orbital of Ga, which further reveals the strong interaction between the impurity and host
atoms. It is however, surprising that the p-orbital of N contributes most in the extended
valence states despite being the next-nearest neighbor of Sb impurity, compared to the
nearest Ga neighbor. This is further supported by the real space projected charge density
of the impurity states in Fig. 7-5a, which is attributed to the larger radius and strong
quantum interaction of Sb atom. The effective DOS of the extended valence states are

comparable to that of the GaN VB, as shown in Fig. 7-5b.

7.5 Effect of Nitrogen-modulation on Sb-incorporation in GaSbN

Both spontaneous and nitrogen-modulated GaSbN QDs were attempted to achieve
enhanced Sb composition while paying close attention to structural and optical properties
of the nanostructure. In nitrogen-modulated QDs, the nitrogen shutter was turned off for
different duty-cycles to increase Sb content and the growth was carried on using the
available nitrogen species inside the chamber. The in sifu annealing facilitates intermixing
of N-rich and N-deficient thin GaSbN layers [243], eventually leading to higher Sb
incorporation, which can be evaluated by the red shift observed in PL peak energy and
enhanced PL intensity (Fig. 7-6a). The XRD patterns of GaSbN/GaN QDs reveal slightly
broadened and shifted (002) and (004) peaks compared to crystalline GaN nanostructures.
The lattice mismatch along the c-axis for N-modulated QDs (derived from the patterns) are
comparable to that of spontaneously grown QDs, which can be correlated to strain

relaxation along the radial direction during epitaxy and annealing process.

Raman modes of GaSbN QDs in p-i-n GaN nanowires can be deconvolved into the
weaker response from thin GaSbN layer, and the stronger response from Mg-doped p-GaN.
The spectra contains typically dominated Mg related local vibrational modes (Mg-LVMs)
[269] at 656 cm™!, and the nominal GaN modes [153, 270] such as A;(LO), E2! and Eo" at
735, 567 and 144 cm™ respectively. However, as shown in Fig. 7-6b, due to the strong
confinement along c-axis, A1(LO) mode intensity from GaSbN QDs was enhanced

noticeably and shifted to lower frequency for higher Sb content (715 and 710 cm™' for
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spontaneous and N-modulated QDs, respectively). Sb-LVM mode (Pa) was dominated by
Mg-LVM (656 cm™!) either due to its low intensity response from very thin GaSbN layer
and/or shift towards low frequency due to higher Sb incorporation [246, 268]. In
accordance with our Raman measurement on GaSbN nanowires, E>" and E;* mode shows
similar shift (565.5 cm! and 148 cm’!, respectively) for N-modulated GaSbN QDs,
however, with higher intensity [271, 272].
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Figure 7-6: a) Room temperature PL spectra measured from GaSbN QDs, where nitrogen
modulation during the epitaxy increases Sb content in the dots, leading to red-shift in PL emission.
The inset shows the GaSbN/GaN quantum dots (QDs) in GaN nanowire heterostructure. b) Micro-
Raman spectra of GaSbN QDs in active region of p-i-n GaN, showing strong intensity and shift
of A1(LO) mode due to strong confinement along c-axis.

7.6 Archetype of GaSbN Optoelectronic Device: Light Emitting Diode

We have further investigated the MBE growth of GaSbN/GaN dot-in-nanowire LED
heterostructures. Strong quantum confinement can be achieved in GaSbN/GaN quantum
wells/dots with Sb concentration <1% in the active region, based on the theoretical and
experimental results described above. Moreover, the degree of quantum confinement and
the emission wavelengths can be varied through controlled Sb incorporation. Shown in Fig.
7-7 1s the schematic of GaSbN nanowire LED structure grown and processed on Si
substrate. Five GaSbN (3nm)/GaN (3nm) quantum dots were incorporated along the
growth direction in the active region in a manner similar to previously reported InGaN/GaN
dot-in-nanowire LED structures [154, 273]. The quantum dot active region was grown at
relatively low substrate temperature of ~650 °C. Other growth conditions are like those
described for the GaSbN nanowire structures. n"-GaN/Al/p™"-GaN tunnel junction (TJ)
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were incorporated into the LED structure (inset, Fig. 3a). The detailed study on the tunnel
junction growth for optimized LED performance as well as the device fabrication process
can be found elsewhere [274]. The scanning electron microscope (SEM) image reveals the
growth of vertically aligned GaSbN dot-in-nanowire arrays with relatively high uniformity

and areal density (bottom-right inset, Fig. 7-7).
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Figure 7-7: a) Schematic representation of GaSbN/GaN dot-in-wire tunnel junction (TJ) light
emitting diode (LED) structure. Schematic view of different layers incorporated in the nanowire
arrays of GaSbN LED is also presented. The inset on the top-right shows 45° tilted SEM image
of as-grown GaSbN dot-in-nanowire arrays. Scale bar 1 pm. The schematic of the TJ is also
illustrated in the inset (bottom-right) [274].

Current-voltage characteristics of the nanowire LEDs were measured at room-
temperature under continuous wave biasing conditions. The devices (areal dimension of
500 pum x 500 pm) show clear rectifying characteristics. The electroluminescence (EL)
intensity increases linearly with injection current up to 140 mA and gradually saturates
with further increasing current, which can be attributed to electron overflow and heating
effect. EL spectrum of GaSbN-TJ LED, measured from 10 mA to 200 mA of injection
current, shows highly stable emission characteristics with negligible shift in the peak
position, suggesting efficient and uniform carrier injection in the quantum dot active
region. However, the nanowire LEDs exhibit relatively low output power (in the range of
pW to sub-mW), which has been primarily limited by the light absorption of the underlying
Si substrate and the large nonradiative surface recombination of nanowires. Recently, with
the use of core-shell structures, it was demonstrated that the output of nanowire LEDs can
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be enhanced by nearly two orders of magnitude [275-278]. The details of the device
characteristics, relative EQE and EL intensity as a function of injection current are not

within the scope of this dissertation and can be found in our recent publication [268].

7.7 Preliminary Investigations on GaSbN as a Photocatalyst

III-Nitride nanostructure, especially InGaN offers the tremendous flexibility of
bandgap tuning vs In-composition. However, as discussed before, the growth-related
challenges with high In-content are yet to overcome. From recent first-principles
calculations, it was evidenced that the substitutional doping of Ga(In)N by Sb can emerge
to be a suitable platform for efficient photocatalyst. No dissociation of the structures was
found on the thermal-stability check using ab initio molecular dynamics (MD) simulations,
indicating that the proposed alloys are thermally stable [245]. Our primary investigations
on dilute-Sb (~0.4%) GaSbN nanowire heterostructures (on Si wafer) reveal that the non-
doped GaSbN demonstrates photoanodic behavior, as shown in Fig. 7-8a. This can further
be correlated to the XPS measurements that the as-grown GaSbN nanostructures are

intrinsically n-type (not shown here).

However, the p-type GaSbN epilayers (with different Mg-concentration) grown on
n’-p Si solar cell (SC) demonstrates strong photocathodic behavior in 1.0 M HBr solution
(Fig. 7-8b), when loaded with Pt-cocatalyst nanoparticles. The n*-p Si solar cell wafer was
prepared by thermal diffusion process. The sample A; and A grown with Mg cell
temperature (7wmg) around 250-270 °C shows lower onset and higher photocurrent density.
These monolithically integrated photocathodes, when loaded with Pt co-catalyst
nanoparticles, exhibit an applied bias photon-to-current efficiency (ABPE) of 11.5% and
9.5% respectively, at a potential of 0.31 V versus normal hydrogen electrode (Fig. 7-8c).
The demonstrated efficiency is higher than the maximum efficiency of recently reported
GaN/InGaN nanowires with integrated tunnel junction (~8.7% at 0.33 V) [279]. With
optimum Mg-doping and co-catalyst loading and integrating GaSbN/InGaSbN nanowires
on top of the device, the efficiency can be enhanced further. The integrated GaSbN/Si

photocathode can exhibit a relatively prominent level of stability at a bias close to the
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equivalent HER potential, and the current remains nearly constant and no significant

degradation was measured for the duration of 20 h (not shown here).
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Figure 7-8: a) LSV curve obtained from non-doped GaSbN nanostructure grown on GaN
template (on Si substrate). b) LSV curve obtained from p-GaSbN epilayers grown with different
Mg-doping concentrations on n*-p Si solar SC. The sample was immersed in 1.0 M HBr under 1
sun excitation. ¢) Applied bias photon-to-current efficiency (ABPE) calculated from the
corresponding J-V curves of GaSbN epilayers on Si SC. d) The chronoamperometry (CA)
measurement from photoelectrochemical (PEC) CO; reduction to hydrocarbon fuels at -1.2V,
using the sample A;. The CA and the LSV scans are shown in the inset.

The best dilute-Sb GaSbN photocathode sample was further explored for the
photoelectrochemical reduction of CO; into hydrocarbon fuels using 0.5 M KHCO;
electrolyte. As revealed by the first-principle calculation described in Section 7.2, the
conduction band edge of dilute antimonide nitrides lower only slightly even for the narrow-
bandgap material; and hence low-energy photon-excited electrons can still possess
sufficient over-potentials necessary for proton and CO; reduction reaction [280], as
schematically shown in Fig. 1-2. The Faradaic efficiencies for CH4 and CO generation in
the Cu-cocatalyst loaded GaSbN/n"-p Si cathode were measured after ~19 ks
chronoamperometric measurements at a potential from —1.2 V vs Ag/AgCl (shown in Fig.
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7-8d). At —1.2 V, the Faradaic efficiency of CH4 production is about ~5.9 %, which is
more than 3 times higher than that of CO generation (1.9 %). The measured Faradaic
efficiency of CH4 production is also higher than recently reported values on Cu-cocatlayst
loaded GaN nanowires on Si SC (~4% and ~0.7% for CH4 and CO, respectively, at -1.2 V)
under similar experimental condition [281]. Surprisingly, the Faradaic efficiency of the
2e reduced CO shows is lower than that of the 8¢ reduced CHs at -1.2 V bias and can
increase further at more negative applied bias, which can partially be attributed to the larger
over-potential available for CO: reduction to CHa. It is also important to mention that CO
is consumed, and H; is also produced during the entire process. The enhanced performance
can be attributed to the visible light absorption by GaSbN, while possessing large negative
potential for the conduction band-edge due to the negligible fluctuation of the conduction
band-edge at the dilute-Sb limit. The performance can be enhanced further by integrating
GaSbN/InGaSbN nanowire heterostructures with larger surface-to-volume ratio. However,
the primary investigations herein show enormous potentials for the dilute-antimonide III-

nitride heterostructures to emerge as a platform for efficient and stable photocatalyst.

7.8 Conclusion

In summary, we have successfully realized optically active dilute antimonide III-
nitride nanostructures and demonstrated a viable approach of rationally tailoring the
bandgap of dilute antimonide GaSbN for visible light emission at room temperature. The
structural and optical properties of the material were analyzed and complemented by the
first principle calculation and theoretical studies. Subsequently, we have implemented
GaSbN dot-in-nanowire visible LED device as an archetype. Simultaneous and controlled
incorporation of In and Sb in GaN will provide further flexibility in tuning both the
conduction and valence band edge of GaN and tune the bandgap towards near-infrared
regime. This work here provides new insights into the epitaxy and properties of dilute-
antimonide III-nitride heterostructures and nanostructures and will have a profound impact
on the development of high-efficiency, phosphor-free LEDs and a broad impact on solar
energy conversion, including solar cells, solar fuels, and various electrochemical devices

and systems.
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Chapter-8

Synergetic Effect of In and Sb Incorporation into
GaN Nanostructures in Dilute-Sb Regime

8.1 Introduction

Dilute antimonide III-nitride semiconductors, e.g., Ga(In)SbN, exhibit remarkable
properties. As discussed in Chapter 7, the incorporation of a very small amount (~1%) of
antimony (Sb) in GaN can reduce its energy bandgap from 3.4 eV to ~2 eV [268], which
is equivalent to the incorporation of more than 30% indium in GaN, thereby providing
distinct opportunities for bandgap, strain, and polarization engineering to achieve efficient
light emitters and photovoltaic devices. Moreover, InGaSbN is the only known
semiconductor whose conduction and valence band edges can potentially straddle water
redox potentials under deep visible and near-infrared light irradiation, which is essentially
required for the efficient generation of solar fuels through water splitting and CO»

reduction.

The reduction of energy bandgap of GaN with Sb incorporation is primarily due to the
upward shift of the valence band edge, which is in direct contrast to the downward shift
the conduction band edge by alloying with In [82, 282]. A precise tuning of the energy
bandgap, as well as the energy band edge positions can, therefore, be achieved by
independently varying In and Sb compositions, which provides unique opportunities to
construct quantum-confined heterostructures with type-I, type-II, or even type-III band
alignments. A semiconductor with tunable energy bandgap and band edge positions is also
ideally suited for photochemistry and electrochemistry studies. So far, our studies have
shown that Ill-nitride semiconductors exhibit distinct photocatalytic properties: their
nonpolar surfaces can spontaneously adsorb and deform water and CO2 molecules [199,

280], and their surfaces can be made nitrogen-rich to protect against photo-oxidation and
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corrosion in harsh photocatalytic conditions [220]. By tuning the surface Fermi-level of
GaN nanowires, we have demonstrated that the quantum efficiency for proton reduction

can be enhanced by nearly two orders of magnitude [99, 169].

Dilute-antimonide InGaSbN can play very promising roles in realizing the narrow
bandgap Ill-nitride photocatalysts for visible-light driven artificial photosynthesis.
Previous studies suggested that Sb incorporation could help overcome the issues related to
phase segregation [283] in quinary alloys (GaInNAsSb), enhance In incorporation [284],
and significantly improve optical quality [285, 286]. To date, however, there have been no
theoretical nor experimental reports on the epitaxy and properties of InGaSbN and related
heterostructures and nanostructures. It is therefore, unclear whether Sb can possibly play
the role as a surfactant [287], a constituent [285, 288] or both [283] and enhance the
structural, electronic, and optical properties of InGaSbN alloys. In this chapter, we report
our preliminary investigations on the role of Sb in tuning the optical bandgap of InGaN

with reduced lattice mismatch.

8.2 Selective Tuning of the Bandgap and the Band-edges in Ga(In, Sb)N

It is expected that, with the incorporation of a small amount of Sb (up to 1-2%) in
InGaN, i.e. through simultaneous incorporation of In and Sb (dilute) into GaN, the energy
bandgap can be drastically reduced to the deep visible and near-infrared spectral range
while maintaining a relatively small lattice mismatch to the underlying GaN
template/substrate. From the first principles calculation, as shown in Fig. 8-1a, the energy
bandgap of GaSbN shows large bowing at the dilute-Sb regime (<1%) due to drastic
upward shift of the valence band edge, whereas the conduction band-edge is largely
unaffected. On the other hand, the band-edges of InGaN gradually shifts to lower bandgap
energy positions. The valence band of InGaN possesses enough over-potential to drive
water oxidation reaction forward for the entire range of In composition (100%, InN).
However, the electrons in the conduction band cannot reduce protons due to insufficient
over-potential, at In compositions as high as ~40% (Fig. 1-5), which also introduce the

issues like phase separation and the degradation in crystalline quality etc. The quaternary
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InGaSbN can take the advantages of controllable band-edge tuning to realize narrow-
bandgap semiconductor photocatalyst (Fig. 8-1b) while providing necessary over-

potentials for both the half reactions in unassisted overall neutral pH water splitting.
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Figure 8-1: a) The bandgap energy of GaSbN calculated using BAC model [247], and that of
InGaN over the whole composition range of Sb and In incorporation, respectively. The bandgap
energy data for GaSbN were taken from Appl. Phys. Lett. 102, 102104 (2013). The bandgap
energy data for InGaN were adapted from Appl. Phys. Lett. 96 (2), 021908 (2010). b) Schematic
illustration of tuning the GaN band-edge positions by simultaneous incorporation of In and Sb
into narrow bandgap InGaSbN.
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To date, however, it has remained unknown if crystalline dilute antimonide InGaSbN
semiconductor nanostructures can be epitaxially grown and synthesized. Plasma-assisted
MBE offers several advantages for the growth/synthesis of these complex structures, due
to the relatively low growth temperature, precise control of antimony and nitrogen flux
independent of the growth temperature, negligible background impurity incorporation, and
formation of abrupt hetero-interfaces. In this task, we investigate the epitaxial growth of
dilute antimonide nitride heterostructures, such as GalnSbN QWs and QDs on GaN
template, and InGaSbN epilayers on silicon substrate by plasma-assisted MBE. Various
growth parameters, including growth temperature, Sb flux, In/Ga flux ratio, and Ga/N flux

ratio were tuned and optimized to achieve optically active InGaSbN.

8.3 Optical Activity of Ga(In, Sb)N

Optically active InGaSbN segments were incorporated into the active region of p-i-n

GaN nanowires. The growth mechanism and parameters are similar as described in section
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7.2.2 and the structure of the nanowire is like the depiction of GaSbN/GaN (3nm/3nm) dot-
in-wire nanostructure in the inset of Fig. 7-6a. Additionally, the incorporation of large
InGaSbN segments (30-40 nm) into GaN were also explored. Both the nanostructures show
significant shift in optical emission wavelength compared to the InGaN/GaN nanowire
heterostructure, grown without Sb under similar conditions. This can be correlated to the

bandgap reduction due to the alloying effect of Sb in the dilute limit.
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Figure 8-2: Room-temperature photoluminescence spectra of InGaN and InGaSbN, showing
the tuning of optical bandgap by varying In and Sb compositions. A\ denotes the change in
emission wavelength due to the change in Sb composition, whereas 6A denotes that for the
change in In composition.

We have demonstrated earlier that the optical emission from GaN nanostructures can
be tuned from 364 nm to 545 nm [268] with as low as ~0.5% of Sb incorporation and
significantly reduced lattice mismatch with the GaN nanowire template. Conventionally,
this would otherwise require large amount of In incorporation into the nanostructures. For
example, as shown in Fig. 8-2, the optical emission at 510 nm wavelength (bandgap, E,
~2.43 eV) can be achieved with x ~20.3% into InxGaixN. However, assuming the In
incorporation does not fluctuate significantly in the presence of dilute-Sb flux under similar
growth conditions, the emission wavelength can be extended to ~565 nm (Eg ~2.195 eV),
as shown in Fig. 8-2 (sample Si), with x ~20.3% and y ~0.3% into quaternary (InxGaj.-
x)(SbyN1.y). To achieve optical emission at such wavelength would necessitate ~26.4% of
In into standalone InGaN. Therefore, a shift of emission wavelength, AA ~55 nm can be
achieved with the sole contribution of only ~0.3% Sb incorporation into InGaN, compared
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to that of additional ~6.1% indium. By superimposing these two compositions, i.e. with x
~26.5% and y ~0.3%, the bandgap of (InxGai)(SbyN1.y) can be reduced further to ~2.09
eV (A ~592 nm) which, again, would require ~31.5% of In into InGaN. Hence, considering
the discussion above, it can be said that the additional ~6.2% indium contributes to the
wavelength shift of 6L ~27 nm in sample S», however, with the inherent assumption that

the increased In-flux does not alter the Sb incorporation under similar growth conditions.

8.4 Projected Density of States and Band-alignments of Ga(In, Sb)N

Figure 8-3: Schematic depiction of the projected density of states (DOS) in GaSbN (left) and
InGaSDbN (right), assuming similar Sb incorporation. Herein, PHS stands for the perturbed host
states, and CS denotes the cluster states. The change in conduction band minima (AEc¢) is,
therefore, mostly due to In incorporation.

There had been no studies, neither theoretical nor experimental, on the electronic band
structure of quaternary InGaSbN alloys. In section 7.4, we have discussed from the first-
principle calculations on ternary GaSbN that the incorporation of Sb creates extended
valence states within the bandgap of host material GaN. Consequently, the bandgap of the
ternary alloy can be reduced from Eg to Eg due the presence of Sb-induced valence states
(Ev(sv)), schematically shown in Fig. 8-3, assuming the conduction band of the host (Ec))
is not affected significantly due to Sb interactions with GaN atoms in the dilute-Sb regime
(<1%). Therefore, the behavior of quaternary InGaSbN alloy can be estimated as the
superposition of the dominant factors in InGaN and GaSbN. For example, In-incorporation
into GaN alters both the CB and VB (largely affects the CB) due to the strong perturbation
of the host states (PHS), reducing the bandgap of ternary InGaN to Eg;. In addition, very
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small amount of Sb-incorporation into InGaN will further shift the valence-band due to Sb
induced extended cluster states (CS), resulting in the narrow-bandgap (Eg4) for the
quaternary InGaSbN. Hence, assuming the same Sb concentration, bandgap difference
between GaSbN (Eg) and InGaSbN (Eg4) will be primarily determined by the difference
in the conduction-band edges (AE.), as depicted in Fig. 8-3.
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Figure 8-4: Schematic depiction of the bandgap tuning by In and Sb incorporation, and estimation
of the composition and band-edge positions of the quaternary InGaSbN by superimposing the
quantitative data of ternary InGaN and GaSbN. Eredox denotes the redox potential of water.

Graphically, the tentative compositions of In and Sb into InGaSbN can be estimated
from the PL emission wavelengths of InGaN and InGaSbN grown under similar conditions,
together with the band-edge positions of InGaN and GaSbN. Considering the compositions
of the optically active InGaN and InGaSbN (x ~20.3% and y ~0.3% for sample S), as
discussed in section 8.3 (and in Fig. 8-3), the band-alignment of the ternary and quaternary
semiconductors are presented graphically in Fig. 8-4 along with the redox potentials of
water. The quantity AE. can be correlated to that depicted in Fig. 8-3, whereas AEy
quantitatively represents the bandgap difference Eg3-Egs. From the illustration, it is evident
that the band-edges and the over-potentials for water splitting can be more controllably
tuned using InGaSbN nanostructures for any bandgap, compared to that of their InGaN
equivalents. Therefore, combining the unique properties of both Sb and In doping, the

energy bandgap of dilute antimonide nitrides, e.g., (InxGai—~)(SbyNi-y), can be tuned to
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straddle the water redox potentials over a large portion of the solar spectrum, including
ultraviolet, deep visible, and even possibly near-infrared with a relatively small amount of
Sb (up to ~0.5%) and In (up to ~25%) incorporation. However, the investigation on the
electronic and structural properties of InGaSbN quaternary alloys from an ab initio point
of view, and study of both the band gap and band alignment vs. In and Sb concentrations
is necessary to further confirm the superimposition hypothesis. These studies will be
essential to determine the optimized In and Sb incorporation for both LED and water

splitting applications.

8.5 Structural Properties and Crystalline Quality of Ga(In, Sb)N

Plasma-assisted MBE facilitates the synthesis of highly crystalline dilute-Sb III-nitride
heterostructures with hyper-abrupt hetero-interfaces. Shown in Fig. 8-5a is the scanning
transmission electron microscopy secondary-electron (STEM-SE) image of a GaN
nanowire, containing a ~30-40 nm thick InGaSbN segment incorporated into it. Energy
dispersive X-ray scanning (EDXS) further confirms the In composition of the segment.
However, due to the dilute concentration of Sb, the elemental mapping or spectral
line/point scan does not show any noticeable modulation for Sb-signal. Although Sb-signal
can be detected from GaSbN segment by collecting the spectral data from a large-area scan,
no detectable Sb-peak in EDX scanning was observed from InGaSbN segment due to it’s
small emission (K-line), and its convolution with the strong In emission (L-line). High-
resolution STEM-HAADF image (Fig. 8-5b) reveals the sharp contrast between the GaN
and InGaSbN layers, which can be correlated to the presence of heavier and larger In and
Sb atoms into the InGaSbN segment. The diffraction pattern, as shown in the inset of Fig.

8-5b, further confirms the crystalline quality of the dilute-Sb Ga(In, Sb)N segment.

However, the signature of Sb into InGaSbN can be observed from the micro-Raman
spectroscopy measurements conducted on the MBE grown epilayers on silicon substrate
under similar growth conditions. Evolution of prominent micro-Raman modes from the
GaSbN epilayer vs Sb-composition had been discussed in Chapter 7. Figure 8-5¢ presents

the comparative analysis of the prominent Raman modes, observed from GaSbN and
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InGaSbN epilayers, grown on silicon substrate. The spectra reveal the Ai(LO) phonon
mode of GaSbN at 724 cm™!, showing significant shift from the decoupled A;(LO) mode
of GaN (at 736 cm™!, not shown here) and the LOPC mode of GaN at 740 cm’!, even at the
dilute Sb concentration. For example, to induce similar frequency shift in Aj(LO) mode of
GaN, only ~0.6% Sb incorporation is required in GaSbN, compared to ~18% In in InGaN
alloy [289, 290]. Due to the cumulative effect of In and dilute-Sb incorporation, an
enormous shift in A;(LO) mode (at 693 cm™) is observed from the Raman spectra
measured on InGaSbN. To achieve such large red-shift from InGaN requires ~31% of In
incorporation. On the contrary, the XRD measurements on InGaSbN suggests ~15% of In
incorporation, assuming negligible mismatch is induced due to Sb incorporation in the
dilute regime (~0.3%). The observation can further be correlated with the presence of Sb-
induced additional mode (Pa), and its noticeable red-shift from 663 cm™ to 638 cm™.

Raman modes from silicon substrate at 520 and 620 cm™! are marked with '*" in the spectra.
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Figure 8-5: a) STEM-SE image of an InGaSbN segment into GaN nanowire. Scale bar, 30 nm.
b) High-resolution STEM-HAADF image, showing the sharp contrast between the GaN and
InGaSbN. Scale bar, 10 nm. The image along with the diffraction pattern (inset) confirms the
crystalline quality of the nanostructure. c) Room-temperature micro-Raman spectra obtained
from the GaN, GaSbN and InGaSbN on Si substrate, clearly depicting the evolution of the
prominent modes. The contributions from the Si substrate are marked with “*’.
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8.6 Conclusion

Our preliminary investigations herein successfully demonstrate the controllable tuning
of GaN bandgap and band-edges through simultaneous incorporation of In and Sb. Band
alignment information of InGaSbN together with those of GaSbN and InSbN can be used
to design IlI-nitride heterojunctions with type I, II or III alignments, which is important for
a broad range of applications, including LEDs, solar cells, and solar fuel devices. In
addition, the availability of powerful calculation techniques can provide the distinct
opportunity to derive the energy levels for GaSbN/GaN and InGaSbN quantum
heterostructures, and allow us to perform thorough investigation of structural, electronic
and optical properties while considering the strain effect. Doping Sb is also expected to
modify the charge distribution of the non-centrosymmetric Ill-nitride structure and
therefore change the magnitude of the spontaneous polarization field which has enormous
impact on optical and electronic properties of nitride materials and devices. Therefore,
further detailed studies, both theoretical and experimental, are necessary to realize the

immense potential of dilute-Sb IlI-nitride heterostructures.
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Chapter-9

Conclusion and Proposals for Future Direction

9.1 Summary of the Work

Metal-/non-metal nitride materials have attracted a great attention from the research
community as a viable new generation of photocatalyst due to their unique material
properties that are extremely suitable for water splitting, namely, the band gap tunability,
stability against photo-corrosion, sufficient thermodynamic and kinetic potentials for water
redox reaction under deep-visible excitation etc. Despite these, very limited number of
studies are devoted to photochemical water splitting using metal-/non-metal nitride
material. Wafer-level decomposition of neutral water into Hz and O2 using III-Nitride
nanowires has been successfully demonstrated herein and confirmed to be a highly stable
photocatalytic process. Uncontrolled surface charge properties of the nanostructures were
identified as one of the greatest limiting factors in achieving efficient and stable overall
water splitting on the nanowire photocatalyst. The successful demonstration of engineering
the surface charge properties of the nanowires potentially alleviates one of the major

obstacles for developing highly efficient artificial photosynthetic system.

In this work, we have explored the Fermi level tuning on the nonpolar surfaces of
GaN and InGaN nanowire arrays through controlled p-type Mg dopant incorporation. The
thermodynamic and kinetic potentials of the InGaN/GaN nanowire heterostructures were
tested and found to be suitable for water redox reaction. Subsequently, we have developed
a multi-stacked dual-band GaN:Mg/InGaN:Mg nanowire photocatalyst to utilize both UV
and visible solar photons efficiently, and to reduce energy losses due to thermal relaxation
of the photogenerated carriers. By tuning the near surface band bending of both GaN and
InGaN nanowires in a double-band heterostructure, a substantial improvement in APCE
(~69%) has been derived for neutral (pH~7.0) water splitting. This eventually led to the

achievement of an AQE ~12.3% under visible light excitation and corresponding STH
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efficiency of ~1.5% for the multilayered nanowire heterostructure in overall water splitting

under full arc illumination (concentrated, ~26 Suns) using AM1.5G filter.

Subsequently, we have addressed the fundamental issue of charge carrier trapping and
recombination in the bulk of the nanowire and their detrimental effects on significantly
limiting the efficiency. Accordingly, we proposed and demonstrated a new class of multi-
band InGaN nanosheet photochemical diode structure, which can spontaneously induce
charge carrier separation and steer charge carriers toward the distinct redox sites for water
oxidation and proton reduction, respectively. In addition, the spatial separation of catalytic
sites in such a nanoscale photochemical diode can effectively reduce carrier recombination
and back reaction, leading to an impressive solar-to-hydrogen conversion efficiency of

~3.3% in pH neutral overall water splitting.

Finally, we have elucidated the burning issue of suppressed interfacial charge transfer
and limited photochemical stability of semiconductor photocatalysts, especially under
concentrated irradiation. We have successfully demonstrated that by carefully engineering
the nanowires with atomically thin N-rich surfaces, together with the reduced surface band-
bending through Mg-dopant incorporation, the dual-cocatalyst decorated multi-band
Ga(In)N nanowires can overwhelmingly enhance the injection of photogenerated holes into
the aqueous solution and can exhibit efficient (STH ~2.7%), long-term stable operation
(>580 hours) in unassisted pure water splitting. The demonstrated ability to easily and
reproducibly fabricate such wafer-scale industry-friendly engineered artificial
photosynthesis devices of high performance and long-term stability can consequently lead
to commercially viable large-scale clean hydrogen generation from unassisted solar-driven

pure water splitting.

The progress in computational studies can significantly support the research
community in understanding and predicting the prospect of advanced materials by
analyzing the properties such as the electronic density of states and band structure, etc.
This opens the broad avenue for the rational design of efficient photocatalysts for water

splitting. As such, we have further explored, both theoretically and experimentally, a new
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generation of semiconductor (Ill-nitride), namely dilute-antimonide (Sb) Ga(In)N for
extended visible light absorption. Here we have realized, for the first time, optically active
dilute-Sb GaSbN nanostructures, which can emit (absorb) visible light due to very small
amount of Sb incorporation into GaN in the dilute limit (<1%). We have further
demonstrated that the band-edges (and hence the bandgap) of GaN can be controllably
tuned through simultaneous incorporation of In and Sb (in the dilute limit), which holds

enormous promise for visible-light driven water splitting.

9.2 Work In-progress and Future Directions

The design, growth, fabrication and performance evaluation techniques implemented
using II-nitride nanostructures so far hold a very good promise in developing a suitable
artificial photosynthetic system. However, there are still a lot of rooms for improving the
performance of the nanostructured photocatalysts, via careful exploration of the interfacial
properties of IlI-nitride nanostructures, and promotion of different earth abundant high-
performance water oxidation and reduction co-catalysts nanoparticles for efficient and
stable neutral water splitting under full arc solar spectrum. We are currently working on
some of the promising strategies that can lead us to a viable approach for extending the
efficiency and stability of the photocatalyst. Future directions towards achieving an
industry-ready, efficient and stable artificial photosynthetic system therefore includes - the
engineering and design of innovative junction architectures, optimization of the existing
active materials for enhanced charge carrier separation and transfer, realization of narrow-
bandgap material for extended visible light absorption while simultaneously reducing the

gas evolution overpotentials and maintaining chemical and physical stability.

9.2.1 Moving Towards the Goal of 10% STH Landmark

The development of an efficient photocatalyst that can utilize nearly the entire solar
spectrum is a key challenge. It has remained one of the Holy Grails of solar-fuel community
for decades to achieve efficient and stable overall water splitting beyond blue solar

spectrum. Table 9-1 highlights some of the limiting chemical conversion efficiencies for

162



different water splitting approaches depending on the configuration of absorbing materials
to produce one molecule of hydrogen, namely S2 (single-band, two photons absorbed to
generate two active electron-hole pairs), D2 (dual-band, two-photons) and D4 (dual-band,
four-photons) etc. [21]. A1 and A> in the table represents equal-photon absorption
wavelengths for D2 and D4 approach, calculated based on the photons available in
AM1.5G solar spectrum. In the range of optical absorption wavelength edge explored so
far in this study, i.e. ~505 nm, the theoretical limit for chemical conversion efficiency
(using S2 or D2 approach) in overall water splitting is ~8-9% (~7-8%) using 0.8 eV (1.0
eV) of energy losses. Therefore, the absorption edge needs to be extended significantly
towards the longer wavelengths which will enhance the theoretical maximum for the

achievable efficiency of harnessing solar energy.

9.2.1.a Single-absorber Photocatalysts for One-step OWS

Significant research efforts have been made to enhance the In incorporation in InGaN,
which can function as an ideal material system to achieve high efficiency water splitting
by utilizing the entire solar spectrum. However, the growth of high crystalline quality
InGaN with higher In content has been extremely challenging due to the large lattice
mismatch (11%) between InN and GaN which results in solid phase miscibility gap, and
low In-incorporation in InGaN due to the high vapor pressure of In over Ga. Additionally,
the strong In surface segregation creates In-rich clusters with high density of defects that
enhance the non-radiative recombination of the photogenerated carriers, limiting the device
performance significantly. Moreover, when InGaN is grown beyond a critical thickness
(which drops exponentially at higher In composition) misfit dislocations are formed.
Therefore, the realization of high quality and high In-content (narrow-bandgap) InGaN
with sufficient thickness for efficient solar absorption is quite challenging. In this context
we are currently working on different strategies to address the above-mentioned

challenges, as discussed in the following sections.

Intermediate band and up-conversion designs, introduced by the materials that possess
an electronic band within the conventional semiconductor bandgap, had been successfully

utilized in enhancing the efficiency of single-bandgap solar cells and other photovoltaic
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devices. An intermediate band material can incorporate a partially filled impurity energy
band within the bandgap of host semiconductor, thus making it capable of absorbing
below-bandgap photons. Compounds with wide band gaps, such as GaP, ZnS, ZnTe, and
GaN provide a higher possibility of intermediate band formation. Theoretical, as well as
experimental investigations on Mn-doped GaN have confirmed that deep Mn impurity
bands can be formed within the energy level (impurity band of Mn?>"3") in the middle of
the GaN bandgap. Therefore, the optimally doped InGaN:Mn nanostructures can lead
towards developing more efficient multiple-band photocatalysts with extended absorption
spectrum within single-absorber platform. In this study, we have already demonstrated a
large bandgap-narrowing by incorporating very small amount of Sb (dilute regime, <1%)
into Ga(In)N, which is also a very promising approach to realize narrow-bandgap III-

nitride materials for efficient one-step overall water splitting using single-absorber.

The material quality and absorption efficiency, however, is of great concern for the
narrow-bandgap Ga(In)N materials, due to high In content, or dissimilar Sb/Mn
incorporation. It was revealed by recent studies that the color emission of Ill-nitride
nanowire LEDs can be readily tuned by changing In compositions within the active region
through variations of the nanowire diameters in a single epitaxial growth step. The
nanowire diameters and spatial separations are tuned by controllably selecting the active
growth sites, using a thin Ti mask (~10 nm thick) with well-defined opening apertures
[291]. Our studies have found that selective area growth (SAG) of InGaN quantum dots
within nanowires shows excellent material quality and supports higher In incorporation
compared to self-organized spontaneous growth. This is supported by significantly
enhanced photoluminescence intensity (~100 times) and red shifted peak position. This
approach can be adopted for developing high In-content InGaN nanostructures with
excellent crystalline quality, and tunable absorption range for solar water splitting
application [292]. Using a split-spectrum irradiation system, the proposed photocatalyst
structure can also be used for the better utilization of higher wavelength photons (> 505
nm) alongside with the nanostructured photocatalyst developed in this thesis to enhance

the efficiency further. Besides, the spectral absorption is expected to be extended by
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incorporating the intermediate-band materials (Mn) and by selective area growth of dilute-
antimonide III-nitride nanowires, where the crystalline quality will not be compromised

too much due to foreign material introduction.

Table 9-1: Ideal realizable limiting efficiencies for different OWS schemes.

Scheme | A1 (nm) [Eg1 (eV)] | A2 (nm) [Ex2 (V)] | Uloss (€V) | Mp (%)
- - 555 [2.23] 1 12.33

- 610 [2.03] 0.8 17.1

o 509 [2.44] 612 [2.03] 1 17.22
550 [2.25] 685 [1.81] 0.8 23.84

o 660 [1.88] 925 [1.34] 1 21.25
723 [1.72] 1120 [1.11] 0.8 27.12

9.2.1.b Multiple-absorber Integration for Tandem/Z-scheme OWS

It is important to note that, one of the significant constraints in this study is the limited
apparent quantum efficiency (AQE) within the absorption threshold. The theoretical
maximum efficiencies presented in Table 9-1 and discussed in section 1.7 are based on the
assumption that all the incident photons within the threshold wavelength are absorbed to
generate active electrons and holes, and all the photoexcited carriers can effectively
participate in the redox reaction (AQE ~100%). Despite the significantly enhanced charge
carrier separation (reduced recombination) and transport efficiency, the maximum AQE
corresponding to STH ~3.3% (ECE ~17.5%) achieved in this dissertation is limited to
~45% (Fig. 5-8), which is primarily due to the low fill-factor (50-60%) of the
nanostructured photocatalysts on the substrate. With a threshold absorption wavelength of
~485 nm (Eg ~2.56 eV) for the photochemical diode, maximum of ~103.4 umol h'cm™
H> can be produced with a theoretical limit on STH around ~6.81% (on ECE ~41.84%)
under normalized irradiation (1 sun). Therefore, assuming negligible reflection and
scattering of the incident photons, major reduction in the derived STH can be attributed to

the loss of incident photons that transmit through the physical-gap of the nanostructured
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photocatalyst, or which are absorbed by the Si wafer that does not contribute in the redox
reaction. On the contrary, increasing the fill-factor of the nanostructures (beyond optimum)
suppresses the photochemical reactivity due to limited mass-transport. To achieve STH
efficiency of ~10% under such condition (AQE ~49%), a photocatalyst with narrower
bandgap of ~1.9 eV (absorption threshold wavelength ~650 nm) is ideally required which
can produce ~153.4 pmol h''lem™ of hydrogen under normalized irradiation. However,
considering the loss factors of 1.0 eV and 0.8 eV for a practical system, the threshold
absorption wavelength (bandgap) for S2 approach is limited to 555 nm (2.23 eV) and 610
nm (2.03 eV), respectively (Table 9-1), for unassisted overall water splitting.

The efficiency bottleneck for the S2 approach of water splitting can potentially be
addressed by adopting the D2 or D4 approach where dual- or multi-band semiconductors
are integrated into a single device through junction engineering. D2 approach allows the
maximum realizable efficiency of ~24% with bandgap of the materials as high as 1.8 eV
and 2.3 eV, respectively. The scheme can be readily implemented on the Ga(In, Sb)N
platform explored in this dissertation without substantially sacrificing the material quality,
and without high In- and Sb-contents. As discussed in Chapter 7 and 8, the energy band
edge positions of Ga(In, Sb)N can be independently tuned by varying In and Sb
compositions to construct quantum-confined heterostructures with type-I, type-1I, or even
type-1II band alignments. By engineering lateral p-n heterojunctions with GaSbN, InGaN
and InGaSbN, the band-edges can straddle the redox potentials, and a water splitting device

of ~10% STH can be realized using D2 approach without majority carrier recombination.

Besides, numerous low-bandgap foreign materials can be integrated with Ga(In, Sb)N
to from p-n junctions, which can preferentially act as selective oxygen or hydrogen
evolution catalyst. For example, carbon materials especially graphite oxide and graphitic
carbon nitride with tunable p- or n- conductivity and controllable properties can be
incorporated on the sidewalls of the Ga(In, Sb)N nanostructures which can act as an
efficient and stable catalyst when loaded with suitable co-catalysts. Synergetic chemical
coupling effects between Co3z04 and reduced graphene oxide (RGO) or RuO> on g-C3Ng4
sheets had been widely explored, revealing new methodologies for developing advanced
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inorganic—organic photocatalysts for solar energy conversion. Besides, other two-
dimensional materials, e.g. nanostructured molybdenum disulfide (MoS>), also possess the
potential to efficiently catalyze water oxidation and reduction reaction because of their
substantial amount of catalytic edge sites with high surface energy. Therefore, MoS>
nanocrystalline layers can be an attractive and cost-effective option for integration and
possess immense potential for the realization of high surface area p-n heterojunction (say,
p-MoS; nanocrystalline layers on the sidewall of n-Ga(In, Sb)N nanowire heterostructures)
for overall water splitting using D2 approach. Absorption threshold of already developed
[I-nitrides can further be extended by successfully loading MoS; nanocrystalline layers or

nanoparticles on the sidewalls of the MBE grown nanostructures.

Finally, an advanced strategy that can be applied potentially to realize overall water
splitting with narrow-bandgap dual light absorbers is the monolithic integration of
nanostructured larger-bandgap semiconductor with a p*-n junction of the smaller-bandgap
semiconductor. The two bands can be employed in the Z-scheme of water splitting via
suitable mediators, or form p-n photochemical diode by connecting via ohmic contact or
tunnel junction (TJ) for majority carrier recombination. Type-III band alignment between
narrow bandgap InGaN and Ga(In, Sb)N can be very useful in this regard. However,
realization of lateral ohmic contact/TJ at the nanoscale for unassisted overall water splitting
is still very challenging and demands careful investigations. Nonetheless, the development
of an axial photochemical diode by connecting the two semiconductor segments of the
double-band nanowire/nanosheet with a transparent tunnel junction or transparent ohmic
contact can also significantly enhance the STH efficiency and is of future concern [199,
200]. To realize the STH limit of 27% using D4 approach (Table 9-1), p*-n Si junction with
its energy bandgap of 1.12 eV had been paired with IniGaixP, AliGaixAs and
CH3NH3Pb[11xBrx]3 as the top light absorber, which can exhibit an ideal energy bandgap
of 1.75 eV by varying the alloy compositions. Alternatively, defect-free InGaN nanowire
structures with energy bandgap of ~1.75 eV (indium composition, ~52%) had been
monolithically integrated with Si solar cell to realize high efficiency photocathode or

photoanode in PEC water splitting. The reduction of AQE due to low nanowire fill-factor
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can be partially compensated by incorporating Si solar cell substrate as one of the narrow-
bandgap light absorber in conjunction with the current Ga(In, Sb)N nanostructures.
However, incorporation of suitable catalyst-layer on the back-side of Si solar cell

(substrate) would be required [94] for overall water splitting.

9.2.1.c Improving Other Limiting Factors in Photocatalytic OWS

Water oxidation is one of the key limiting processes in overall solar water splitting
redox reaction due to the sluggishness of four-holes driven reaction mechanism. Atomistic
modeling shows that water can be adsorbed dissociatively on GaN surface with negligible
dissociation barrier, and photogenerated holes in GaN have sufficient energy to drive the
overall water oxidation reaction through a sequence of intermediate steps at pure
GaN/water interface [46, 293, 294]. Although the theoretical investigations can provide
mechanistic insights including possible reaction intermediates, the details of the water
oxidation mechanism on IlI-nitrides have not been experimentally elucidated. Therefore,
it is necessary to explore the interfacial water-decomposition reactions on as grown and
catalyst-functionalized IlI-nitride nanowire surfaces to develop a better understanding of
charge carrier transport mechanism. Surface states play a key role in determining the water
oxidation efficiency for many of the photocatalytic materials. Recombination at the surface
states and the forward water oxidation reaction are the competitive pathways for
determining the overall efficiency [295-297]. Therefore, the nature and precise role of the
surface states and other potential rate limiting factors in water oxidation must be fully
understood to develop strategies to overcome the efficiency barrier for the redox reaction.
This can be performed using the combination of techniques, such as photoluminescence,
photoconductivity, contact potential difference (CPD) measurement by Kelvin probe
technique and the surface photovoltage spectroscopy (SPS) in conjunction with x-ray
photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS).
Unique to the nonpolar surfaces of Ill-nitrides is that the occupied surface states are
bunched near the band-edge or positioned outside of the bandgap [162, 163], which leads
to extremely small surface recombination velocity (~ 10* cm s! for GaN). Furthermore, as

per the discussion in section 1.4.3 and 2.4, it is imperative to investigate the modification
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of photocatalyst surface, either by addition of water oxidation co-catalyst (such as IrOx,
Co-Pi, Co(OH)>/C0304, Ni(OH)2, NiOx, NiFeOx efc.) or by passivation of the surface states
(such as Alumina) or by using the combination of both approaches to mitigate the surface
recombination and to improve water oxidation efficiency [298-302]. Through these studies,
we aim to elucidate the mechanism and efficiency limit for oxidation reaction on IlI-nitride
nanowires and the integrated devices with a broad range of alloy compositions (bandgaps),
thereby providing a functional photocatalytic system for a wide range of photochemical

and electrochemical reactions.

9.2.2 Enhancing the Stability for Practical Implementation

As discussed in section 1.4.3, the photochemical instability and the photo-corrosion
problem of a semiconductor photocatalyst can be considered from both the thermodynamic
and the kinetic point of view. With that in mind, thermodynamic stability against the
material’s self-decomposition process guarantees the overall resistance against photo-
corrosion regardless of the kinetic processes. However, despite the inherent instability of a
material from thermodynamic point of view, certain measures can be taken to make them
stable kinetically, while thoroughly considering the specific phenomena at the
semiconductor-electrolyte interface, required overpotentials and intermediate steps of the

photochemical reaction.

For example, for the physical protection of the unstable surface, a dense layer of a
stable material can be used as a coating to avoid its direct contact with the electrolyte,
without blocking the light transmission through the layer significantly. Such a thin oxide
layer can also be formed in situ during the photochemical reaction due to the initial
oxidation of the material itself, which after a certain thickness, can prevent the
photocatalyst from further oxidation, thus making them stable kinetically, while potentially
serving as a hole blocking layer for some photocathodes. To name a few, MoS;, TiO,
NiOx and AlO3 have been widely used as a surface protection layer in the PEC water
splitting cells. For example, a thin layer of MoS, onto the n"-p planar Si photocathode can

exhibit over 100 hours of stability in the electrolyte. And with the protection of the MoS:

169



layer, the 1T-MoSz/p-Si photocathode demonstrated stability over 70 days showing no
noticeable degradation in performance. The other approaches widely explored to promote
long-term stability includes - engineering the surface charge properties and band-structure
to controllably tune desired carrier transport, and loading of suitable co-catalysts on the

surface for carrier accumulation and reduced recombination, etc.

Photochemical stability is a very critical issue in solar hydrogen production. I1I-V
materials with relative narrow bandgaps suffer from the photo-corrosion under harsh PEC
conditions. In contrast to traditional III-V compounds, wherein the chemical bonds are
mostly covalent, the chemical bonds in Ill-nitrides such as Ga(In)N are strongly ionic.
Because of the strong ionicity of nitrides, the surface states are located mostly near the
band edges, which prevent them from being non-radiative recombination centers.
Consequently, the Fermi level is not pinned in the energy gap of Ill-nitrides, thereby
suppressing the participation of these states in the self-oxidation and photo-corrosion
processes, resulting in photostability. However, the presence of any surface defects, which
often depends on the growth method, may lead to Fermi-level pinning in the bandgap and
photodegrade the material. By employing an in-situ Ga seeding layer and by growing the
nanowires under nitrogen rich-conditions in this dissertation, we have already achieved
nitrogen-termination of Ga(In)N nanowire surfaces, which was supported by detailed X-
ray absorption spectroscopy measurements, high resolution STEM studies and ab initio
materials modeling. The nitrogen-termination passivates the GaN nanowires against attack
by air/aqueous electrolytes and leads to extraordinary stability in harsh water splitting
reaction (section 6.5). Shown in Fig. 6-7, more than 580 hours stable and efficient overall
water splitting reaction, evidenced by the constant hydrogen and oxygen evolution rate
over time, was achieved without using any extra protection/passivation layers (which often
limits the interfacial charge transfer and hence the STH efficiency significantly). However,
for large-scale practical realization of an artificial photosynthetic system, it is important to
move towards the goal for 10,000 hours of device-longevity in overall water splitting. To
further enhance the performance demonstrated in this thesis, the approaches need to be

investigated in detail on the Ga(In, Sb)N platform.
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Water oxidation is well-known to be critically challenging in terms of the kinetics and
energetics, thus restricting the pace of devising an efficient and cost-effective artificial
photosystem. Nonetheless, there is substantial room, as well as challenges from the
perspectives of the dynamics and energetics of photo-holes, the bottleneck in determining
water oxidation efficiency, which requires materials of optimized composition, favourable
structure, and morphology. General strategies to externally address such issues involve
loading co-catalysts or constructing heterojunctions, etc. Considering MoS; can contribute
as a highly-functioning HER co-catalyst, as well as a low-bandgap light absorber in
conjunction with the Ga(In, Sb)N nanowires in D2 or D4 approach (section 9.2.1.b),
detailed investigation on the integration method will be of immediate interest. Integration
of Co304 with surface-engineered (N-rich) Ga(In, Sb)N nanostructures have already
demonstrated extended stability and efficiency. In this context, Manganese oxides, which
play unique role in natural photosystem in the form of the CaMn4O4 cluster, have drawn
significant attention to the research community lately as an OER co-catalyst, and will be
investigated. In search of the most suitable co-catalyst system, impact of other promising
HER co-catalyst (such as WO3, WSez, SnO2) and OER co-catalyst (such as PbS, MnO»,
IrO2) will also be explored [ 137, 138]. Future studies also include the utilization of alternate
proton reduction cocatalyst such as metallic NP [303] to fabricate cost-effective

photocatalytic water splitting system and to pave the way for practical application.

Sufficient overpotentials (thermodynamic drive) for Oz evolution reaction need to be
ensured through valence-band engineering, say by incorporating suitable elements for
producing valence band hybridization effect to enhance the photo-holes’ mobility and to
reduce their trapping. Keeping in mind that the band structure in the bulk is different from
that on the surface and on different facets of the photocatalyst, more in-depth investigations
into electronic configurations on different surfaces combined with the crystal facet
engineering is very crucial. Mechanisms of the more intricate surface reactions should be
studied intensively by varying the surface species and consequently investigating
overpotential changes. In future, we will further perform a detailed analysis of the surface

electronic structure of Ga(In, Sb)N nanowires through multi-disciplinary approaches,
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including first-principles DFT calculations. This, together with detailed structural and
photo-electrochemical characterization and surface modification techniques described, will
provide engineered optimum surface properties for high efficiency, highly stable

photocatalytic system.

9.2.3 III-Nitride Nanostructures for Photocatalytic CO2 Reduction

Hydrogen gas, well-known as a clean, renewable and carbon-free energy carrier
possesses the highest energy density by mass (143 MJ Kg), but it suffers from low
volumetric energy densities. On the other hand, hydrocarbon fuels offer the optimum
volumetric energy density, and therefore can alleviate issues associated with hydrogen
storage. Besides, existing gasoline infrastructure is compatible with hydrocarbon fuels and
can be employed with limited modifications, thus avoiding expensive liquid H>
infrastructure development. Therefore, there is an immense potential in solar water splitting
both for carbon-free energy and environment, as it can be utilized not only to mitigate the
energy crisis but also to reduce CO, from the environment. Liquid fuel (i.e., CH30OH) can
be produced by catalytic hydrogenation of CO> from environment and H> been separately

obtained from solar water splitting, as follows:
CO2 +3H, — CH30H + H0

On the other hand, solar water (vapor) oxidation can be integrated with CO- reduction
on the same photocatalyst surface to produce liquid alcohol or other hydrocarbon fuels
(CO, CH4 or CH30H), by utilizing the electrons and protons released from water oxidation

reaction, as given below:

CO; +2¢ + 2H* — HCOOH -0.61 V (vs NHE at pH=7.0)
COz +2¢ +2H" — CO + H20 -0.53 V (vs NHE at pH=7.0)
COy+4e +4H" — HCHO+ H,0  -0.48 V (vs NHE at pH=7.0)
COs+ 6e +6H" — CH;0H + H,0  -0.38 V (vs NHE at pH=7.0)
CO,+8¢ +8H" — CH4+2H,0  -0.24 V (vs NHE at pH=7.0)

172



The reduction potentials for CO2 to hydrocarbons are also illustrated in Fig. 1-2 with
respect to the GaN band-edges and water redox potentials. Experimental investigations in
our lab has confirmed that p-type Ill-nitride material is more favorable for CH4 evolution
from COz reduction. We have investigated n-GaN/p-InGaN nanowire structure to initially
explore the performance in photocatalytic CO2 reduction. Figure 9-1a shows the room
temperature photoluminescence (PL) from the nanowire structure (the inset shows SEM
image). Quantitative CH4 evolution from photocatalytic CO; reduction experiment is
illustrated in Fig. 9-1b, which shows that ~0.63 mmol of CH4 can be produced per gram of
photocatalyst material after ~6 hours of photochemical reaction. Negligible amount of
CH30H evolution was observed during the reaction. However, the reaction kinetics can be
engineered by tuning the surface charge properties for selective reduction of CO> into other
hydrocarbon fuels and is currently under investigation. We believe that the double-band
InGaN:Mg/GaN:Mg photochemical diode nanosheet/nanotube photocatalyst, developed
for photocatalytic water splitting in Chapter 5, and the dilute-antimonide Ga(In, Sb)N
nanostructure in Chapter 7 and 8, can be efficiently utilized for photochemical and
photoelectrochemical reduction of carbon dioxide into useable hydrocarbon fuels with
further enhancement in efficiency. However, this will require careful optimization of
material compositions, cocatalyst loading, and engineering of carrier transfer at the

interface of substrate (Si) and III-nitrides.
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Figure 9-1: a) Room temperature PL spectrum of the GaN:Ge/InGaN:Mg nanowire
photocatalyst with a broad emission peak at ~485nm (Eg ~2.56). The inset shows a 45° tilted
SEM image of the nanowires, vertically aligned on Si substrate. b) CH4 evolution from CO;
reduction reaction under the full arc illumination using AM1.5 filter.
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9.2.4 Realization of Large-scale Artificial Photosynthetic System

Direct splitting of pure or sea water with significantly enhanced device-longevity (with
no tandem device or photovoltaics) at concentrated sunlight holds enormous promise for
hydrogen generation at pH neutral condition without any external bias, sacrificial reagent
or conductive electrolytes. Numerous semiconductor catalysts have been investigated
during the last several decades but still suffer from low efficiency, poor long-term stability
and are not consisting of industry-friendly compounds and processing techniques. High-
efficiency devices for photovoltaic-assisted photoelectrochemical water splitting and
electrolysis are reported in conductive electrolytes with selective pH adjustments. In this
dissertation, we have gradually developed an artificial photosynthetic device (small scale)
using standard materials widely used in the industry, i.e. gallium nitride (GaN) alloys on
silicon wafers, which produces hydrogen efficiently by directly splitting pure water with

long-term stable operation without applied bias or sacrificial agents.

Large-scale practical implementation of such artificial photosynthetic system is
fundamentally limited due to the challenges such as — availability, synthesis-scalability of
the photocatalyst and adaptation to existing technologies, cost-effectiveness, efficiency and
long-term stability of the device which provides further economic viability. As discussed
in section 2.4, Si wafers are cheaper and largely produced (over 10,000 million square
inches per year, driving nearly US$3-trillion consumer electronics market). Similarly, GaN
has been widely used industrially in solid-state lighting, blue/green laser diodes, and high-
power electronic devices, thus making it the second most invested semiconductor material
only next to Si (a combined market value exceeding $100-billion). The dual-cocatalyst
decorated double-band GaN/InGaN nanowire-arrays on Si wafers (Chapter 6) exhibit a
solar-to-hydrogen (STH) conversion efficiency of ~2.7% for overall pure water splitting
without bias or sacrificial reagent under concentrated sunlight on a 3 cm? sample. With
~2.7% efficiency and using concentrated irradiance of 27 suns, the system can produce
11.42 mol h'! (equivalent to 256 L h! at STP) of H» gas when a 1 m? module is employed.
This is the energy equivalent of 0.767 kWh (23 g h™! of H,). No performance degradation

was observed in 584 hours of unassisted water splitting reaction in pure water, which can
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potentially generate clean hydrogen under concentrated illumination for up to over 100
days so far or more (with 5.5 hours of usable sunlight per day). In addition, the GaN/InGaN
photochemical diode (PCD) system (Chapter 5) can be used to implement 1.09 kWh system
(32.66 g h'! of Hy) using 1 m? module under concentrated ~32 suns irradiation. However,

the long-term stability of the PCD system with dual-cocatalyst is yet to be confirmed.

Wafer Holder

3" Wafer Matrix

Teflon Wafer Tray

Figure 9-2: Schematic presentation of a photocatalytic water splitting cell for large-scale
realization of overall pure water splitting. Ill-nitride photocatalysts can be grown on
commercially available and recyclable 3-inch Si-wafers, and an array of such photocatalyst
devices can be integrated within a cell.

In the future work, we propose to address the fundamental challenges through
innovations in epitaxy, nanotechnology, surface chemistry and device engineering, which
leverages the distinctive advantages of industry-ready Ga(In, Sb)N nanowire
photocatalysts and the well-established, low cost, large-area Si-wafer platform. By
developing nearly dislocation-free In-rich InGaN nanowire materials on Si substrate and
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combining with highly efficient HER and OER electrocatalyst, together with suitable
surface protection layers, can lead towards the STH efficiency of over 10% and stability
over 10,000 hours. Building on the pioneering work performed in this dissertation, and
incorporating the potential modifications suggested herein, the proposed solar technology
can be implemented into small to medium scale applications ranging from 100 W for
domestic use to 100 kW for commercial use, thereby enabling a broad range of
opportunities. With the targeted ~10% STH efficiency and 10,000 hours of stable
operation, a 1 m? module of the dual-cocatalyst loaded GaN/InGaN photocatalyst system
can generate energy equivalent to 2.84 kWh (85.3 gh™! of H) under concentrated excitation
(~27 suns). The primary challenge in this regard is the large-scale synthesis of the nanowire
photocatalysts. As shown in Fig. 9-2, MBE grown highly crystalline and uniform
GaN/InGaN nanowire arrays on (3-inch) Si wafers can be assembled to form the large-area
wafer matrix (like in a solar panel) in a photocatalytic water splitting cell, without any
wired connection. Integrating such array of wafers in a large-area module allows selective
replacement of an individual wafer if needed, while preserving the continuity of operation.
Finally, further optimization of the light intensity, temperature and pressure of the water
splitting cell will be necessary, as the activation energy of the reaction can change,
depending on the type of co-catalysts and the reaction environment. Therefore, a database
will need to be prepared based on an initial prototype. Additional challenges include
maintaining the efficiency-level of laboratory prototype at the large-scale system, efficient

separation of hydrogen from the produced gas mixture and is currently under investigation.

Success of this project will bring tremendous economic and societal benefits. The use
of unassisted photocatalytic water splitting approach without any external bias and
sacrificial reagent, will significantly enhance the efficiency and reduce the manufacturing
cost and complexity of the system. The realization of highly efficient photocatalytic solar-
to-hydrogen system with long-term stability will enable the cost-effective production of
clean hydrogen from abundant water source. The water splitting process has a positive
impact to the environment in addition to reducing CO; emissions, which is not possible for

the conventional fossil fuel-derived hydrogen process. Moreover, the proposed solar
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technology uses the enormous and renewable solar energy as the energy source, which is a
promising solution for the global warming crisis. In addition, successful demonstration of
highly efficient and stable hydrogen generation system (via water splitting) will eventually
lead towards the integrated artificial photosynthetic system to produce hydrocarbon fuels

by selective reduction of CO., as shown schematically in Fig. 9-3.

Water Splitting & Recircular 20y,
CO, Reduction Cells <°e/,,-,e Co

Figure 9-3: Schematic illustration of a potential artificial photosynthetic system, which can
integrate the efficient photocatalytic water splitting and CO; reduction devices (cells) to produce
hydrocarbon fuels.

9.3 Conclusion

Metal/non-metal-nitrides have emerged as a new generation of photocatalysts over
the last decade, due to their unique optoelectronic and photocatalytic properties. However,
to enter the real-time implementation of devices that harnesses solar energy for practical
usage, a suitable photocatalyst need to possess the capability for significantly enhanced
light absorption from the wide range of the solar spectrum, rapid carrier collection or
extraction, lower cost and toxicity, and most of all, extended photocatalytic stability. The
thermodynamics and kinetics of interfacial carrier transfer and reaction in water splitting
also need to be studied and improved to achieve better performance. Owing to the tunable
bandgaps, and excellent optoelectronic and catalytic properties, it is expected that
metal/non-metal-nitrides will stimulate further research to overcome the efficiency and

reliability bottlenecks for commercially viable artificial photosynthetic devices in future.
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APPENDIX-A

Figure AP-A1: Selective loading of co-catalysts on the cathode surface of a photochemical
diode. STEM-ZC/BF images of Rh-nanoparticles’ deposition on the reduction sites (cathode
surface) of InGaN photochemical diode nanostructure is shown in a) and b), respectively. c)
HRSTEM-BF lattice image of a Rh deposited InGaN photochemical diode surface, which
clearly depicts the existence of Rh nanoparticles, and the crystalline quality of Rh cluster. Scale
bar, 5 nm. d) STEM-SE and EDXS imaging of single InGaN photochemical diode nanosheets
(cathode surface), decorated with Rh-nanoparticles. Comparing SE image and EDXS elemental
mapping of Rh shows negligible signal from particle deposition on the anode surface (back,
outer surface), clearly highlighting the relative difference in particle deposition density. Scale
bar, 200 nm.
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Figure AP-A2: Photocatalytic hydrogen evolution from a double-band photochemical
diode. Comparative hydrogen production as a function of time from the photochemical diode
nanosheet arrays in hydrogen evolution reaction using aqueous methanol solution (denoted as
HER) and in neutral pH overall water splitting (denoted as OWS), under concentrated
excitation of ~32 suns using AM1.5G and 400 long pass filters.

Figure AP-A3: Structural stability of double-band GaN/InGaN photochemical diodes.
SEM image of the p-GaN/p-Ing2,Gao 73N photochemical diode photocatalyst after ~4 hours of
a) overall neutral pH (~7.0) water splitting (OWS) reaction b) and hydrogen evolution reaction
(HER) in aqueous methanol solution, demonstrating the stability of the nanostructures.
Rh/Cr0; core-shell nanostructures and Rh nanoparticles were deposited as a cocatalyst on the
photochemical diode arrays in a) and b) for OWS and HER, respectively. The stability of the
co-catalysts was also checked using TEM analysis and does not show noticeable degradation.
Scale bar, 1 pm.
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Figure AP-A4: C0304 as an OER co-catalysts on GaN nanowires. a) Oxygen (O;) evolution
from bare GaN nanowires and the Co304 decorated GaN nanowires in the presence of AgNO3
as sacrificial agent. b) Linear sweep voltammetry (LSV) scans (J-E curve) for GaN nanowires
on Si (111) substrate, with and without the OER co-catalyst (C030s) in potassium phosphate
buffer solution (pH~7) under dark condition. ¢) Room temperature photoluminescence spectra
measured on optimally doped p-type GaN nanowires and p-GaN/Co3O4 System.
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Figure AP-AS: Signature of HER and OER co-catalysts on GaN nanowire. XPS spectrum
of the a) Rh 3d, b) Cr 2p, and ¢) Co 2p obtained from the dual-cocatalyst decorated GaN
nanowires for overall water splitting. Two spin-doublets were resolved from Rh 3d peak. The
Rh 3ds» peaks observed at 307.5 eV (green line) and 309.5 eV (blue line) are attributed to
metallic Rh® and native Rh oxide[218], respectively. One spin-doublet was revealed from Cr 2p
peak. The Cr 2p3,» peak appeared at 576.9 eV is ascribed to the presence of Cr,Os 215}, indicating
that the valence state of Cr is trivalent. Co 2ps, Co 2p12, and satellite peaks of Co were resolved
for Co 2p peaks. In accordance with the previous discussion, Co 2ps» and Co 2p1,, appeared at
780.7 and 795.8 eV is ascribe to the presence of Co304 [219]. It is worthwhile mentioning that,
Rh/Cr203 (core-shell) nanostructures and Co3;O4 nanoparticles are used as the co-catalysts for
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), respectively.
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Figure AP-A6: Surface charge properties of Co304 loaded GaN nanowires. a) Measuring
the position of surface valence band (VB) maximum (Evs), from the intersection between the
linear extrapolation of valence band leading edge and the extended baseline. The surface Fermi
level is assumed to be at zero (Ers, binding energy = 0 ¢V) [221]. b) Valence band maximum
relative to the Fermi-level (Er-Ev) for p-type GaN nanowires with different Mg-dopant
incorporation, derived from the valence spectra measurement using angle-resolved X-ray
photoelectron spectroscopy (ARXPS). The measurements were conducted on the non-polar
surfaces of GaN nanowires, with and without the Co304, and A(Er-Ev) refers to the variation
(reduction) of Er-Ev due to Co304 deposition.
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Figure AP-A7: Visible-light activity of dual-cocatalyst loaded double-band Nanowires.
Repeated cycles for H, and O, evolution from the double-band p-type GaN/InGaN nanowire
heterostructures, under visible light irradiation using a 300 W Xenon lamp (and 400 nm long
pass filter) with an intensity equivalent to ~27 suns. The average H» and O, evolution rates in
overall pure (pH ~7.0) water splitting were measured to be 1.75 mol h''g"! and 0.9 mol h''g’!,
respectively. A sample of ~3 ¢m? in surface area (active GaN/InGaN catalyst weight ~0.48 mg)
was used for the experiment.
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APPENDIX-B

PL intensity and suppressed carrier recombination in GaN photochemical diode

To reveal the origin of reduction in PL intensity for photochemical diodes, we further
investigated the characteristics of photochemical diode nanostructures compared to axially
symmetric nanowires. The photoluminescence (PL) signal strength has often been directly
correlated with the charge carrier trapping, their migration and transfer efficiency, and
corresponding photocatalytic activity of the device. In numerous studies, the PL intensity
of photocatalytic material was found to decrease as a function of noble metal loading. This
has been ascribed to the electron-scavenging effect of metal nanoparticles that acts as
electron acceptor owing to their larger work function [134-136]. Apart from noble metals,
PL intensity also gets reduced in general due to the efficient electron and hole capture by
hydrogen evolution reaction (HER) co-catalyst (such as WO3, WSe>, SnO.) and oxygen
evolution reaction (OER) co-catalyst (such as PbS, MnO., Co304), respectively [137, 138].
In our previous studies on Ill-nitride nanowires, Rh/Cr,O; core-shell structure had been
successfully used as efficient HER co-catalyst [99, 169] and CoOx had been explored to
act as an efficient OER co-catalyst in numerous other reports [304]. The PL intensity from
co-catalyst nanoparticle decorated GaN nanowires was found to be reduced by 50-60%
(Fig. AP-Bla) due to electron and hole trapping by Rh/Cr203 and Cos3O4 respectively.
Simultaneous deposition of both HER and OER co-catalysts also reduces the PL intensity
further [138, 139]. However, as depicted in Fig. AP-Bla, six-fold reduction in the PL
intensity has been observed for bare GaN photochemical diode compared to that of bare

GaN nanowires, grown under similar condition.

Structural, optical and catalytic properties of GaN photochemical diodes

The prominent reflections of 002 in the X-ray diffraction (XRD) pattern shows
negligible broadening or shift for GaN:Mg photochemical diodes compared to that of the
nanowires. As shown in Fig. AP-B1b, the narrow peak widths of the 002 (and 004, not
shown here) reflection further confirms the single crystalline structure of the as-grown Mg-

182



doped GaN photochemical diodes; and the lattice constant extracted from the XRD pattern
is ¢ = 0.5186 nm, which is comparable to the wurtzite crystal structure of non-doped and

Mg-doped GaN nanowires with the c-axis (0001) aligned along the growth direction [220].

a)[ GaN-NW (Asgrown) | ) [ ——GaN (nws) GaN - 002
GaN-NW (HER co-cat) | —— p-GaN (NWs) .

- GaN-NW (OER co-cat) —p-GaN (PCDs) [

:i GaN-PCD (As-grown) =

s s

= 2

) 0

2 c

3 2

£ =

340 360 380 400 420 440 330 336 342 348 354 360
Wavelength (nm) 26 (degree)

c) —— GaN (NWs) d)_ p1e5  —— GaN (NWs)
—_—p-GaN (NWSs) —n-GaN (NWSs)
—— p-GaN (PCDs ——p-GaN (PCD:

5 H ’ (A LO) = 2185 pomress

3 E> (0 3 !

L] 3, s

> >

e b

w | * ‘®

5 5

£ £

520 560 600 640 680 720 760 2050 Z100 2150 2200 2250 2300 2350

Wavenumber (cm™) Wavenumber (cm)
Figure AP-B1: (a) Room temperature p-PL spectrum from as-grown and co-catalyst decorated
(Rh//Cr205 for HER and Co304 for OER) GaN nanowire arrays. The p-PL spectrum from as-
grown GaN photochemical diodes clearly shows ~6-fold reduction in PL intensity compared to
that of GaN nanowires. (b) The prominent reflections of 002 in the XRD pattern for GaN
nanowires and photochemical diodes. Log(Intensity) of the spectrum is plotted in a linear scale.
Typical micro-Raman spectra of non-doped GaN nanowires and Mg-doped GaN nanowires, along
with Mg-doped GaN photochemical diodes (¢) from 510 cm™! to 770 cm™! and (d) from 2050 cm ™!
to 2350 cm™!. Mg-cell temperature was optimized to 265 °C for both GaN nanowires and
photochemical diodes to provide enhanced photocatalytic activity. The spectra in XRD and micro-
Raman are vertically shifted for visual clarity. Signal contributions from the background/substrate
are marked with ‘*’ in the respective figures.

Typical room-temperature Raman spectroscopy of GaN photochemical diodes also
unveils spectral response like that of optimally Mg-doped GaN nanowire arrays. As

depicted in Fig. AP-Blc, both p-GaN nanowires and photochemical diodes reveal the
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!, and decoupling

pronounced Mg-induced local vibrational modes (LVMs) at 655 cm’
phenomenon of Aj(LO) phonon mode (735 cm™) from the longitudinal optical phonon-
plasmon coupled (LOPC) mode, present at 740 cm™ in non-doped GaN nanowires [153].
The appearance of S> mode (709 ¢cm™) in photochemical diode can be ascribed to the
decoupling and enhancement of surface optical (SO) phonon mode due to high surface to
volume ratio and higher fill factor, compared to GaN nanowire arrays [305] (not shown
here). Besides, 1~2 cm™! shift in Ex™ peak position is also observed in p-GaN, which can
be ascribed to the increased tensile strain due to Mg-doping in nanowires, followed by Mg-
doping gradient in photochemical diodes. Room-temperature Raman spectroscopy of p-
GaN in the high energy range also reveals four distinct modes at 2129, 2148, 2166 and
2185 cm™!, as shown in Fig. AP-B1d, which can be attributed to the LVMs associated with

Mg-H complexes or H-decorated nitrogen vacancies [153, 269].
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Figure AP-B2: (a) Time evolution of the amount of hydrogen from neutral pH overall water
splitting (OWS) reactions on non-doped GaN nanowires, Mg-doped GaN nanowires and
photochemical diodes under concentrated full arc excitation of ~26 suns, using a 300W Xenon
lamp. Rh/Cr,O3 core-shell nanoparticles were photo-deposited as hydrogen evolution reaction
(HER) co-catalyst on all the photocatalyst samples prior to the water splitting reaction. (b)
Stoichiometric H, and O; evolution rate from overall neutral (pH~7.0) water splitting reactions
on different photocatalyst samples under normalized excitation condition (100 mW/cm?),
depicting 75% enhancement in photocatalytic activity of GaN photochemical diodes compared
to that of Mg-doped GaN nanowires.

With the same Mg cell-temperature and growth condition, one of the sidewalls of GaN
photochemical diode becomes highly p-type due to Mg-doping gradient, compared to the
uniform dopant distribution on the surface of axially symmetric GaN nanowires. This can
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potentially contribute to the larger shift in Eo>™ peak position (Fig. AP-Blc) and enhanced
intensity of high energy modes (Fig. AP-B1d). Nearly 75% enhancement in photocatalytic
activity of p-GaN photochemical diodes compared to that of the axially symmetric p-GaN
nanowires under similar excitation (Fig. AP-B2) further confirms the crystalline quality
and efficient migration of charge carriers towards the surface of the photochemical diode
nanostructures. GaN nanostructures were used for the comparative study instead of InGaN
to avoid the ambiguity, such as peak broadening and shifts in XRD and Raman

spectroscopy associated with Indium-fluctuation in different samples and regions.
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APPENDIX-C

Estimation of AQE, ECE and STH of the double-band p-GaN/p-InGaN PCD

The refractive index mismatch between GaN and InGaN (for In composition ~20-25%) is
negligible, and hence the light propagation and absorption inside a layered structure can
generally be calculated by using a multi-layer reflectivity model. The reflection from
GaN/InGaN interfaces can be ignored for both UV (average reflection~0.05%) and visible
light (average reflection~0.005%). Our dual-band nanostructure mimics the D, approach
of photocatalytic water splitting, as GaN absorption spectrum largely excludes visible light
whereas InGaN can absorb both UV and visible spectrum [169].

To derive the AQE for the photocatalytic overall water splitting, the number of incident
photons in the wavelength range of 200-485 nm (PL peak ~485 nm) was estimated from
the lamp. The AQE was then derived using the following process. The incident power on
the sample can be calculated using equation (7) in section 1.6, where Agypstrate 1S the
sample area (~ 3.0 cm?) and B is the nanowire fill factor (unity). Pincigent(4) is the
incident power intensity on the sample, which was derived by measurements using a
broadband detector (Thermopile Sensor, Newport-818P-100-55) and considering the
power spectrum of the lamp and optical filter, while mimicking the experimental

configuration.

Calculation of AQE using AM1.5G filter in the UV-visible range (200-485 nm)

In what follows, we first describe the calculation of the AQE with the use of AM1.5G
optical filter. The total incident power on the sample is estimated to be 611 mW c¢cm in the
wavelength range of 200-485 nm with AM1.5G filter. The number of incident photons per
second is calculated from equation (6) as a function of wavelength. The total number of
incident photons per second within 200-485 nm wavelength range, and corresponding AQE
can be calculated from equation (6) and (7). Considering the entire absorption spectrum

(200-485 nm) for the double-band structure, which includes both UV and part of the visible
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photons, the AQE was derived to be ~45.85% for the photochemical diode nanostructures,

compared to ~20% for the axially symmetric double-band nanowires on Si substrate.

Calculation of the AQE in the visible wavelength range (400-485 nm)

The total incident power intensity (on the sample surface) in the visible wavelength range
(393-485 nm) were calculated to be 376 mW cm™, which corresponds to an AQE of ~20%

and ~12% for the photochemical diode and the nanowire structure, respectively.

Calculation of ECE and STH using AM1.5G filter

The ECE was calculated from equation®! (9) and found to be ~17.5% for the photochemical
diode, compared to ~7.5% for the nanowire counterpart in the wavelength range of (200-
485 nm). On the other hand, in the wavelength range of 400-485 nm, the calculated values
for ECE were ~8.75% and 5.3%, respectively. Solar to hydrogen conversion efficiency
(STH) was calculated for both the photocatalyst nanostructures in the wavelength range
200-1100 nm using AM1.5G filter. The STH was estimated to be ~3.3% and 1.5% for the
photochemical diodes and nanowire structures, respectively. The effect of pressure and
temperature on STH-estimation was neglected herein to avoid ambiguity. For example,
considering the initial low-pressure of the reaction chamber (~10 kPa) and final high-
temperature of water (~318-325 K), the Gibbs energy of water splitting reaction can be as
low as ~231 kJ mol'. However, the water temperature is low at the beginning (~293 K),
and the chamber pressure increases gradually as the reaction proceeds forward under
concentrated irradiation. Therefore, the Gibbs energy of water splitting reaction can vary
within ~231-237 kJ mol’!, and the STH can be estimated in the range of ~3.21-3.3%,

respectively, which lies almost within experimental error.

Efficiency of the photochemical diode in aqueous methanol solution

The photocatalytic activity of Mg-doped Ino.22Gao.7sN/GaN nanostructures in HER inside
aqueous CH3OH solution (5:1 water/alcohol ratio) provided H> evolution rate of ~2.07

mmol h''em™ under full arc illumination using AM1.5G filter. Corresponding apparent

187



quantum efficiency (AQE) was estimated to be ~58.6% for an incident intensity of ~610.8
mW cm™ in the wavelength range of 200-485 nm. Supplementary Fig. S9 shows the
comparative hydrogen evolution per unit area (substrate) for different excitation and
experimental conditions. Under visible light irradiation using a 400 nm long pass filter, for
an incident intensity of ~376.2 mW c¢m? in the wavelength range of 393-485 nm, the H,
evolution rate was measured ~0.89 mmol h''cm™ with an estimated AQE of ~35.5% for

HER.
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APPENDIX-D

Calculation of Absorbed photon to current conversion efficiency (APCE) on GaN

To derive the APCE for the photocatalytic overall water splitting, the number of
incident photons in the wavelength range of 200-365 nm were estimated from the lamp
spectrum, which represents the overlapped wavelength between the absorption spectrum
of GaN nanowires and the power spectrum of the lamp. The absorbed photons were
estimated based on the GaN nanowire height of 600 nm, the absorption coefficient of GaN
in the wavelength of 200-365 nm, and nanowire fill factor (on the silicon substrate). The
fill factor was estimated from the top view SEM image of the GaN nanowire arrays for all
the samples. The light reflection from the water-GaN interface was estimated using the

refractive indices of water and GaN. The APCE was derived from the following process:

First, the reflection co-efficient of GaN, rg,n(4), is derived from the reflectance of
GaN, RGaN (/1)
1+yRgan(D)
rean() = (&)

1—y/RganA) (1)
The reflectance at water-GaN interface is then derived as follows:
_(reanD)-Tw)?
Rw) (1) = (i) )

where ryy is the reflection co-efficient of water (1.33). The transmittance at water-GaN

interface can then be calculated as follows:
3)
TW/G(A) =1- RW/G(/D

The wavelength dependent absorption (%) by GaN nanowire can be written as:
4
Vabs()-) =1- e—a(l)z ( )

where z is the length of the nanowire and a(1) is the absorption co-efficient of GaN.
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The absorbed power (mW) by the GaN nanowires can be derived as,
Pabs(l) = Pincident (/1) X TW/G(A) X Yabs (/1) X Asample X Bff (5)

where Agample 18 the sample area (2.8 cm?) and B¢ is the nanowire fill factor calculated

from the top view SEM images of all the samples. Pip¢igent (4) was derived from the lamp

spectrum considering the light reflection at the air-water interface.

The number of absorbed photons per second is calculated from,

_ Pabs(/l)
Non (D) = 255 6)

where Epp (1) = % The total number of absorbed photons per second in 200-365 nm
wavelengths can then be calculated as follows:

f365 Paps(A)xA

Nph(ZOO - 365) = 200 Td){ (7)

The estimated Npp (200 — 365) = 1 x 10*® per second. The APCE is then derived from
the following equation:

Number of evolved H, molecules per hour

— )
ACPE =2 X Number of absorbed photons per hour x 100 % (8)
_ Iy, X1076XN, 0
APCE = 2 X Nph(200-365)x3600 x 100 % ©)

where N, is the Avogadro’s number, and Iy, is the evolved H> (umol per hour) from

overall water splitting reaction. The APCE derived using this approach may be over-
estimated by ~10%, as the light reflection from the substrate and from the scattering

between the nanowires can cause extended photon absorption that is not considered herein.
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